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Abstract
The basic problem in polymer melt elongational rheometry 
is obtaining a stable and constant elongational flow field 
free from shear effects. The objective of this study is to 
present a technique to generate plug flow and elongational 
flow of polymer melts in a channel geometry.
The results of the study included the development of 
analytical and numerical solutions for flow behavior in the 
coextrusion of a core polymer melt encapsulated by a 
sufficiently low viscous skin polymer melt for linear and 
converging die geometries. Studying the effects of the 
power-law index, viscosity ratio, and flow rate ratio on the 
velocity profile and shear behavior indicated that 
essentially all of the shear gradient could be pushed into 
the skin layer. In converging geometries, it was thus 
possible to generate nearly pure elongational flow in the 
core by choosing an appropriate skin material.
This study also demonstrated that by designing a 
hyperbolic die, a constant steady elongational strain rate, 
which was a linear function of the core flow rate, could be 
induced in the core. Experimental data for polypropylene as 
a core and polyethylene as a skin material showed good 
agreement of the elongational flow behavior and the predicted 
constant elongational rate with the model. Finally, 
elongational viscosity was calculated using the experimental 
data.
xiv
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Chapter 1 Introduction
1.1 Motivation and Background
Shear rheometry is very well developed and most of the 
rheological characterization of viscoelastic fluids is based 
on shear rheometry. On the other hand, the study of 
elongational rheometry is not developed extensively. The 
importance of elongational viscosity has been realized 
recently because shear viscosity cannot account for the 
practical problems in spinning or film blowing processes 
where the primary flow field is elongational. Therefore, 
measurement of the elongational viscosity is very important 
for such applications.
Elongational viscosity is well defined in theory, but 
its measurement is not as simple as that of the shear 
viscosity. The main difficulty lies in the generation of a 
steady elongational flow field. A steady shear flow field is 
relatively easy to generate using two cylinders or cone and 
plate type equipment, and the magnitude of the shear rate can 
be controlled by adjusting the speed of the cylinders or the 
cone. In contrast to the shear flow, elongational flow is 
relatively difficult to generate because in an unconfined 
sample the length should be increased exponentially to 
maintain a constant strain rate. The key factors in 
developing an elongational rheometer are generating pure
1
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2elongational flow and controlling the elongational strain 
rate with ease.
Lubrication methods have been used to generate pure 
elongational flow in a squeezing method (Chatraei and 
Macosko, 1981) and in converging geometry (Williams and 
Williams, 1985). In both instances, the lubricant, which has 
low viscosity, is delivered outside the core material. The 
core material is in the pure elongational flow region because 
the lubricant reduces the friction between the core material 
and the die wall. Then, the elongational flow characteristic 
of the core material can be determined.
Another critical condition in measuring elongational 
viscosity is to maintain a constant elongational strain rate. 
Elongational viscosity should be measured in a flow where the 
rate of elongation is constant, similar to the measurement of 
shear viscosity where the shear rate is constant. A 
converging geometry is generally used to develop an 
elongational flow, and the shape of the die wall of the 
converging section determines the elongational strain rate. 
The converging channel, therefore, should be shaped such that 
the fluid within is subjected to a constant rate of 
elongation.
While most studies on the elongational rheometry (Jones 
et al., 1987; Binding and Johns, 1989; James, 1991) have 
dealt with polymer solutions, producing little information 
about polymer melts in the literature, this study focused on
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
polymer melts. The study demonstrated the use of the 
coextrusion process in developing controlled elongational 
flow of the polymer melt and in obtaining elongational 
viscosity. The coextrusion system was used for elongational 
rheometry to develop a measuring technique for the polymer 
melt's elongational viscosity using an adaptation of a 
capillary rheometer that is also used to measure the shear 
viscosity. If a pre-produced skin/core billet is prepared 
and if the converging shape is designed to generate a 
constant elongational strain rate, a commercial capillary 
rheometer can be used to measure elongational viscosity.
1.2 Research Objectives
The objectives of this study were to
1) Develop of conditions which provide pure elongational 
flow;
2) Study the relationship between the shape of the 
converging section and the elongational strain rate;
3) Produce experimental measurements of the velocity profiles 
and strain rates in the converging region and of the 
elongational viscosities.
For the first objective, the velocity profiles of the 
skin and core polymers were determined theoretically for a 
rectangular parallel channel and for a rectangular converging 
channel. The rheological requirements that enable the skin 
and core polymers to generate pure elongational flow were
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
determined. The polymer melts were assumed to be Newtonian 
fluids for the simple case and to be power-law fluids for a 
more realistic case. An analytical solution was used to 
obtain the velocity profiles of the skin and of the core 
polymers in the Newtonian case. A numerical solution, which 
is described in Chapter 2, was employed for the power-law 
case in the converging channel. These solutions are 
presented in Chapter 3 and Chapter 5.
For the second objective, the study focused on the 
converging shape of the die. In a pure elongational flow 
field, the elongational strain rate could be maintained 
constant in the converging section with an appropriate 
converging shape. The relationship between converging shape 
and elongational strain rate was developed and several kinds 
of the converging shapes were discussed. This work is 
presented in Chapter 4.
For the third objective, theoretically calculated 
velocity profiles were compared to the experimental results. 
The skin/core polymers were intentionally selected so that 
the viscosity mismatch provides pure elongational flow to the 
core polymer. Experiments were performed for the linear 
converging shape and for the hyperbolic converging shape 
which provided a constant elongational strain rate. The 
elongational viscosity was calculated by measuring the 
pressure drop, and Chapter 6 presents this work.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 2 Literature Review and SIMPLE Algorithm
2.1 Literature Review
2.1.1 Elongational Flow
Elongational flow is defined as a deformation that 
involves stretching along streamlines. Three kinds of 
elongational flows are considered in the literature (Bird et 
al., 1987; Dealy, 1982): simple elongation, biaxial
elongation, and planar elongation. Schematics of these are 
shown in Fig. 2.1. The elongational flow used most 
frequently in experimental rheology is simple (uniaxial) 
elongation, which is an axisymmetric flow with stretching in 
the direction of the axis of symmetry. It can be generated 
by fixing a rod-shaped sample at one of its ends and applying 
a tensile force at the opposite end. Velocity distribution 
in the flow is given by
v1=ex1 (2.1a)
v2=-±kx2 (2.1b)
v3=— |ex3. (2.1c)
Elongational viscosity is defined as the ratio of the 
normal stress difference and the elongational strain rate, as 
seen in the following equation (Bird et al., 1987):
5
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a) Simple (uniaxial) elongation.
b) Biaxial elongation.
c) Planar elongation.
Fig. 2.1 Changes in the shape of fluid elements during 
elongation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
<2*2>
The components of the normal stress difference may be
obtained using the following general Newtonian constitutive 
equation for the relationship between the stress and velocity 
gradients in a flow (White, 1990):
(2-3)
For the special case of a Newtonian fluid, Eqs. (2.2) and 
(2.3) show that
ns,s=3il (2.4)
where tjEi5 is the simple elongational viscosity and rj is the
shear viscosity. If the elongational strain rate is
sufficiently small, a polymeric fluid behaves like a
Newtonian fluid so that
lim[T)Bfff(4)]=3f|0 (2.5)t-o
where rj0 is zero shear viscosity.
The simplest elongational rheometer reported by Cogswell 
(1968) was a creep meter in which the tensile stress was 
applied by means of a weight suspended from a specially 
designed cam mounted on a pulley. Miinstedt (1975) designed 
an extensional creeper that has some advantages over other 
creepers, but the strain and maximum strain rate are both 
limited to a low value. These problems were avoided by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Meissner (1969, 1971), who developed an extensional rheometer 
based on the use of a rotary clamp. Meissner used a second 
set of slowly turning rotators at one end of the sample to 
provide a balancing tensile force.
Because all of the available elongational rheometers are 
limited to strain rates less than about 1 s'1, their use in 
the study of non-linear viscoelasticity and in the simulation 
of commercial melt extrusion operations is severely 
restricted. The two flows often used to generate simple 
elongation at higher strain rates are extrudate drawing (spin 
line rheometer) and pressure-driven flow in a converging 
geometry (converging flow rheometer). In the extrudate 
drawing experiment, the procedure involves increasing the 
wind-up speed and measuring melt strength, which is the force 
level when the filament breaks (Busse, 1967). This flow has 
been analyzed in some detail by Bayer (1979). Using some of 
Bayer's ideas, Laun and Schuch (1989) derived equations for 
calculating apparent elongational viscosity at the take-up 
end of the filament.
For the converging flow, Cogswell (1972 a) proposed a 
procedure for calculating apparent elongational viscosity 
from the entrance pressure drop for capillary flow. Shroff 
et al. (1977) have also used this procedure in modified form. 
In order to provide a homogeneous elongational flow, 
investigators have proposed that the channel walls be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
lubricated with a relatively low viscosity fluid (Cogswell, 
1978; Everage and Ballman, 1978; Winter et al., 1979).
The term biaxial elongation refers to an axisymmetric 
flow described by the following velocity field:
v1=ex1 (2.6a)
v2=-2ex2 (2.6b)
v3=ex3. (2.6c)
In biaxial elongation, the deformation promotes the 
orientation in a plane perpendicular to the axis of symmetry; 
whereas in uniaxial elongation, there is a tendency for 
alignment in a direction parallel to the axis of symmetry. 
In the limit of small strain, linear viscoelastic behavior is 
observed, and
lim[ri£/i(6) ] =6ti0 {2 .1 )
t-o
where rjEb is the biaxial elongational viscosity.
Several techniques have been used to determine the 
biaxial elongation of polymeric liquids. These include sheet 
inflation (Yang and Dealy, 1987; Denson and Hilton, 1980), 
lubricated squeezing flow (Chatraei and Macosko, 1981; Soskey 
and Winter, 1985), and diverging pressure flow (Winter et 
al., 1979). In the sheet inflation method, a circular molded 
sample is clamped around its periphery, melted, and inflated 
by increasing the pressure in the fluid medium on one side.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
Yang and Dealy (1987) have proposed that there is a universal 
relationship between displacement volume and strain near the 
center of the sample. In lubricated squeezing flow, a disk 
shaped sample is placed between two plates, melted, and 
subjected to a compressional depression (Chatraei and 
Macosko, 1981). If the surfaces are not lubricated, the flow 
is a complex one involving shearing and elongational 
components; whereas if a lubricant is provided, the 
deformation is purely elongational flow. The problem with 
the lubricated squeezing flow is that as the viscosity of the 
lubricant is reduced, the stability of the lubricant layer 
also decreases, limiting the maximum strain rate. Just as 
converging flow produces uniaxial elongation, diverging flow 
produces biaxial elongation (Winter et al., 1979). Because 
the use of each experimental method described above requires 
elaborate equipment, there has been no extensive study of the 
biaxial elongational flow.
Planar elongation is a uniform deformation with one 
unchanging dimension and with a velocity distribution given 
by
v1=ex1 (2.8a)
vz=~exz (2.8b)
v3=0. (2.8c)
For a polymeric liquid,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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limtrijj /P(£)]=4ri0. (2.9)
4-o
Generating planar elongational flow is difficult and 
investigators have used different techniques to facilitate 
the process. The sheet inflation technique is one method 
(Denson and Crady, 1974: Denson and Hilton, 1980). Another, 
proposed by Winter et al. (1979), is an orthogonal stagnation 
flow, which has been the most popular flow for studying 
planar elongation (Binding and Jones, 1989; Secor et al., 
1987; Williams and Williams, 1985). In this method, the 
device that generates the orthogonal stagnation flow consists 
of four hyperbolic plates located symmetrically. It also has 
two inlets and two outlets, and the inlet fluid diverges 
while the outlet fluid converges. Lubricating fluid applied 
outside the testing fluid reduces the friction between the 
die and the sample. The elongational viscosity is calculated 
from the measurement of the exit pressure which can be 
obtained by extrapolating the pressures in the converging 
section.
2.1.2 Coextrusion
Coextrusion is a process which combines two or more 
materials into a multi-layered product. Coextrusion of 
multiple layers is employed in producing plastic products 
such as fibers, films, coatings, and pipes. The fiber 
industry uses coextrusion techniques to produce bi-component
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
fibers using side-by-side or skin/core type cross-sections. 
Crimped fiber can be produced by spinning two polymers 
coagulated along the length of the spinline using side-by- 
side coextrusion (Buckley and Phillips, 1969; Hicks et al., 
1960). The crimping characteristics result from different 
thermal expansion coefficients of the individual components. 
The fiber industry has also introduced skin/core bi-component 
fibers for the production of anti-static or flame retardant 
fibers. In such a process, two melt streams, one with and 
one without an additive, are coextruded concentrically 
through spinnerette holes with circular cross-sections. The 
coextrusion process has also played an important role in 
manufacturing multilayer thin films and sheets that have the 
combined properties of the two or more polymers used 
(Schrenk, 1974). This multi-layer coextrusion process is 
more economical than the conventional lamination process and 
yields much thinner layers than would be possible by 
lamination.
There are two basic methods in coextrusion related to 
the technique of combining materials: the multi-manifold type 
and the feedblock type (Peelman and Johnson, 1978). In a 
multi-manifold die, the polymer melt streams are confined to 
individual channels until they are joined near the exit of 
the die. Since the polymers meet before or directly at the 
die land, it is possible to use polymers with widely 
differing rheological properties without interface
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instability between the two polymers (Finch, 1978). In the 
feed block method (Schrenk et al., 1977), the melt streams 
are combined before entering the die. The adapter combining 
the melt streams ahead of die is known as the feedblock. 
This type of system has low equipment costs and can produce 
many different layers, but the rheological properties of the 
layers must be matched reasonably well. For more information 
on the coextrusion methods, the reader should refer to Thomka 
and Schrenk (1972), who have summarized the advantages and 
disadvantages of the two kinds of coextrusion methods.
The processing characteristics of the coextrusion system 
depend on the rheological properties of the individual 
component. Some researchers (Collier and Perez, 1989 ab; Han 
and Rao, 1980; MacLean, 1973) have studied the mechanism of 
interface deformation theoretically, and others (Southern and 
Ballman, 1973; Lee and White, 1974; Han, 1975) have carried 
out experimental investigations. The velocity profiles of 
the coextrusion system were developed for both the two-layer 
case (Yu and Han, 1973) and the three-layer case (Han and 
Shetty, 1976). Pressure gradients were measured
experimentally, and interface positions were calculated 
theoretically. The velocity profile of each component was 
finally obtained using the interface position and the 
pressure gradient. Han and Shetty (1976) showed that when 
the less viscous polymer melt is flowing concentrically 
around the more viscous polymer melt, the pressure gradient
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
14
of the system falls below that observed for either of the 
separate polymer melts.
When two or more polymers are coextruded, it is 
important to produce smooth interfaces between the layers. 
If the interfaces are rough, uneven thicknesses of the 
polymer layers may result which can reduce the quality and 
strength of the final product. Southern and Ballman (1975) 
found that interface instability occurred at or above a 
critical interfacial shear stress. Schrenk and Bradley 
(1978) pointed out that stable interface flow can be obtained 
by increasing the skin layer thickness, reducing the total 
flow rate, reducing the gap of the die, and lowering the 
viscosity of the skin layer.
2.1.3 Entry Flow
The first studies of entry flow behavior of the polymer 
melt focused on melt fracture. Researchers believed that the 
primary cause of the melt fracture in the flat entry die is 
a presence of die entrance vortices. Therefore, converging 
dies are frequently used in the extrusion of the polymeric 
material to avoid the possibility of having melt fracture.
In the flat entry die investigations, most of the 
workers agree that LDPE (low density polyethylene) exhibits 
vortices (Ma et al., 1985; White and Baird, 1986) while HDPE 
(high density polyethylene) does not (Ballenger and White, 
1970; White and Condon, 1978/1979). Ballenger and White
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(1971) attempted first to quantify the entry flow of LDPE, 
HDPE, PP (polypropylene), PS (polystyrene), and Nylon 6 by 
using the observed entrance angle defined by streamlines 
rather than by the die walls. As shear rate increases, this 
entrance angle decreases. LDPE showed vortices whose sizes 
increased as the shear rate applied was increased.
Otter (1970) examined both a linear and branched 
polydimethyl siloxane (PDMS) and found that the branched PDMS 
exhibited vortices, but the linear PDMS did not. It was 
mentioned that the higher cohesion of the branched PDMS 
caused the secondary flow in the entrance region. The entry 
flow behavior of the linear and branched PDMS was similar to 
that of HDPE and LDPE.
All workers suggested that fluid elasticity was 
responsible for vortex growth, but the question as to why the 
vortex grows for some materials and does not grow for others 
remained unexplained until the work of Cogswell (1972 b). 
Cogswell postulated that the origination of the vortices was 
related to elongational viscosity. It was found that the 
polymers that exhibited vortices in the entry flow had 
elongational viscosities which increased with strain. The 
elongational viscosity increased with the entanglement of the 
polymer molecules. Since LDPE is highly branched and has 
more possibility of entanglement, the elongational viscosity 
increases with the strain.
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White and Condon (1978/1979) also suggested that 
materials with an elongational viscosity that increases with 
extensional rate exhibit vortex enhancement, whereas 
materials where the elongational viscosity decreases or 
remains constant with increased elongation rate contain no 
vortices. The origin of the vortices might be a stress 
relief mechanism related to chain entanglement and is 
reflected in elongational properties.
Although the circulation flow can be eliminated by using 
converging dies in polymer extrusion, it could still occur in 
the case of viscoelastic polymer solutions. Kaloni (1965) 
simulated the viscoelastic liquid in a converging channel by 
using Oldroyd's equations for viscoelastic fluid. A 
secondary flow was not observed in the first-order 
approximation but was observed in the second-order 
approximation. In a later study, Schummer and Xu (1986) 
investigated the converging flow of viscoelastic fluids in a 
conical nozzle. A rotationally symmetric circulation flow 
occurred because of the fluid's elasticity, and the 
experimental work validated the predicted results.
Giesekus (1968) studied the flow patterns of several 
kinds of the dies with different converging angles and 
converging shapes by a flow visualization technique. The 
vortex decreased with decreasing converging angle, and it 
could be completely eliminated in a trumpet shaped converging 
die.
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2.1.4 Converging Flow Rheometer
The existence of elongational flow in the entry region 
of a capillary die was first noted by various investigators 
in the late 60's (Cogswell, 1969; Metzner and Metzner, 1970). 
Cogswell (1969) proposed the use of pressure losses through 
a flat entry die to determine elongational viscosity in 
polymer melts. More recently, Binding and Walters (1988) and 
Binding (1988) developed the theory for free converging flow 
in a flat entry die. This procedure has not gained any 
general acceptance because of the complex nature of the flow 
patterns in the die entrance region and the approximation of 
the converging entrance flow as an elongational flow with 
constant elongation rate. Cogswell (1978) suggested that 
elongational properties could be developed in a die with 
variable cross-section to ensure a constant elongation rate 
along the die axis.
Converging die geometry is generally used to obtain the 
elongational flow because in this method the flow is easily 
controlled (James, 1991; James and Chandler,1990 a). The 
constant elongational strain rate can be generated with an 
appropriate converging shape, and the elongational strain 
rate can be changed by adjusting the flow rate. In most 
cases, a lubricated layer applied along the wall prevents 
shearing motion and induces pure elongation in the flow.
Elongational viscosity should be measured in a constant 
elongational strain rate region, and it can be achieved by
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properly shaping the converging section of the die. In a 
pure elongational flow field, the elongational strain rate is 
determined by the shape of the converging section and the 
flow rate. Binding and Jones (1989) used a hyperbolic nozzle 
which had the shaping equation y(x)=B/x, where B is constant, 
to obtain a constant elongational rate. James (1991) showed 
that in order to get a constant elongational rate, the shape 
of the cylindrical converging channel should be given by 
R2x=constant where R is the channel radius.
Winter et al. (1979) described a device that developed 
steady lubricated orthogonal stagnation flow. In this 
device, simple elongational flow can be obtained with a 
trumpet- shaped hyperbolic die, and planar elongational flow 
can be generated with a hyperbolic rectangular channel. 
Williams and Williams (1985) evaluated the planar 
elongational viscosity, relating it to pressure measurement 
at various points of the converging die for Newtonian 
(Maltose syrup) and Boger fluids (Boger, 1977/1978). Trouton 
ratios of approximately 4 were obtained for the Newtonian 
fluid and of up to 100 for the Boger fluid.
Johns et al. (1987) used the same instrument to study 
two kinds of polymer solutions. The planar elongational 
viscosities measured were compared with the uniaxial 
viscosity as determined from the spin line rheometer. The 
data from the two rheometers agreed well, and the solutions 
showed either a tension stiffening or a tension thinning
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phenomenon. The Trouton ratios in both cases were greater 
than the corresponding Newtonian values, which is the usual 
case for polymer solutions.
The criteria for sufficient lubrication have not been 
considered in the literature except a brief comment by 
Williams and Williams (1985). A viscosity ratio of between 
10'2 and 10"* (lubricant-to-sample), and a lubricant-to-sample 
thickness ratio of between 10‘2 and 10'1 were ideal for 
lubrication. Secor et al. (1987) attempted to analyze the 
lubricated planar stagnation die by a numerical method and 
compared both the approximate solution and the theoretical 
calculation results to available experimental results. The 
lubricated material was identified as a region of near 
elongational flow.
2.2 SIMPLE Algorithm
2.2.1 Introduction
The velocity profiles and temperature profiles in the 
converging section will be obtained by solving the momentum 
and energy equations simultaneously in Chapter 7. In this 
section, the solution technique of the differential equations 
will be discussed briefly prior to dealing with the main 
problem. The equations which will be solved are second- 
order, elliptic, non-linear partial differential equations. 
The solution of this type of equation cannot be obtained by
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an analytical method, but the finite difference method can be 
used.
The theory for solving the differential equation was 
introduced by Gosman and Pun (1973) and Patankar (1980), and 
the computer program was developed by Pun and Spalding( 1977) . 
It has been given the name SIMPLE, which stands for Semi- 
Implicit Method for Pressure-Linked Equations. When velocity 
components are dependent variables, special attention should 
be paid to the calculation of pressure, which is implicitly 
specified by the continuity equation. In other words, there 
is no direct equation for obtaining pressure. When the 
correct pressure field is substituted into the momentum 
equation, the resulting velocity field will satisfy the 
continuity equation. This is the basic concept of the SIMPLE 
algorithm which has been extensively used in resolving the 
pressure-velocity coupling problems. Jones and Launder
(1972) and Patankar and Spalding (1972) successfully solved 
heat, mass, and momentum equations with the velocity-pressure 
method based on a control volume formulation.
The computer program is designed to solve a number of 
differential equations with the form
(p<|>) +div (pu<|>) =div (r grad <J>) +S (2 .10)
ot
where ip is a dependent variable such as velocity and 
temperature, u is a velocity, r is a diffusion coefficient, 
and S is a source term. In the program, the calculation
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domain is divided into a number of control volumes, and the 
differential equation is integrated over each control volume. 
The algebraic equations involving the unknown values of <f> at 
the chosen control volume are derived from the differential 
equation, and this new equation is called the discretization 
equation. Thus, the differential equations change to linear 
algebraic equations by the discretization method, and the 
algebraic equation is computed by an iteration method.
2.2.2 Grid Point
The first step in introducing a discretization equation 
is to designate a grid point at which the values of each 
variable are defined. Fig. 2.2 defines grid points, grid 
lines, and control volumes. Except for those on the 
boundaries, the grid points are at the center of the control 
volumes. The calculation domain is divided into a number of 
non-overlapping control volumes so that there is one control 
volume surrounding each non-boundary grid point. The 
differential equation is integrated over each control volume.
In the simple theory, if a certain grid point is chosen 
as P, the boundary grid points are named as E, W, N, and S 
which represent east, west, north, and south. Pressure and 
scalar variables, such as density and diffusion coefficient, 
and the x, y component of velocity (i.e., u and v) are stored 
for each control volume. It is not necessary that control 
volumes be of equal size. A uniform grid spacing is often
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Fig. 2.2 Typical grid point and control volume formation.
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desirable, however, because it enhances the computing power 
efficiency. In general, an accurate solution is obtained only 
when the grid is sufficiently fine. The grid points chosen in 
this study were 41 in x-direction and 82 in y-direction.
2.2.3 Discretization Equation
In order to explain the SIMPLE method, the simplest case 
is considered for a steady one dimensional heat conduction 
problem. The temperature is governed by
-f (ici^)+S=0 (2.11)
dx dx
where T is the temperature, k is the thermal conductivity, 
and S is the rate of heat generation per unit volume. Fig.
2.3 shows the grid points and the control volumes. For P, the 
grid point of interest, W and E stand for west and east grid 
points and the dashed line denotes the control volume.
(6x)v
w
(6x)e
e
control volume
Fig. 2.3 Grid point cluster for the one-dimensional problem.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
24
Integration of Eq. (2.11) over the control volume gives
(*.g) e- (jtg) W+/Sdx= 0 . (2.12)
If the temperature profile is assumed to change linearly 
between the grid points, Eq. (2.12) can be written as
ke{TE~~Tp) kw(Tp-Tw) /oios
\ ~ tx \ +SAx=0 (2.13)(5x)e
where ke and are thermal conductivity at the east and west 
interface and where S is the average value of S over the 
control volume. This technique converts the integral equation 
to an algebraic discretization equation, which is also 
written as
apTp=aETE+awTw+b (2.14)
where
vA ( 2 - 1 5 a >
k..
(63DW
a„=-rr^- (2.15b)
ap=aE+a„ (2.15c)
and
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b=SAx. (2.15d)
The discretization equation for the two dimensional case 
can be developed similarly. Fig. 2.4 shows a part of the two 
dimensional grid. For the grid point P, points E and W are 
its x-direction neighbors, while N and S are the y-direction 
neighbors. The control volume around P is shown by dashed 
lines. When the convection and diffusion terms are considered 
and the velocity field is known, the governing equation for 
two dimensional conduction problem can be written as
Patankar (1980) gives a detailed derivation for the 
discretization equation, and in this derivation, the final 
discretization equation becomes
Here, coefficients of the discretization equation represent
ap<bp-aE$E+af$w+at$N+aA s +b  ■ (2.17)
as=0.A(|Pj) 4-Fe,0j (2.18a)
aw=^(|pJ)+Lv oJI (2.18b)
a ^ A d P j ) +1-^ ,0! (2.18c)
as=DBA(\Ps\)+y’3,0l (2.18d)
ap=aE+aw+aN+as-SpAxAy (2.18e)
b=ScA xAy (2.18f)
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control volume
Fig. 2.4 Grid point cluster for the two-dimensional problem.
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where the operator [a ,b J denotes the greater of A and B and 
where P is Peclet number. F indicates the strength of the 
convection, and D is the diffusion conductance:
Fe=(pu) e Ay, Pe= (2.19a)
^ =T ^ '  Fw=(p u)wAy' Pw=^t  <2-19b>
^  A  v  Tp
Dn=~ r t ) f«=(Pv)^ X ' Pn=ir (2.19c)'uy'n
P ^ y Tp
Both D and F have the same dimensions; however, D always 
remains positive while F can take either positive or negative 
values depending on the direction of the fluid flow.
2.2.4 Solution of Discretization Equation
The solution of the discretization equation can be 
obtained by the TDMA (Tri-Diagonal Matrix Algorithm) method. 
The designation TDMA refers to the fact that when the matrix 
of the equation's coefficients is written, all the non-zero 
coefficients align themselves along three diagonals of the 
matrix (Patankar, 1980). The typical equation which can be 
solved using the TDMA method is
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a1<|»i=i)i(fri+i+cJ<|»J.1+di, (2.20)
and the discretization equation as shown in Eq. (2.17) may be 
modified to the form of Eq.(2.20). In other words, a;, bir c;/ 
d;, and <p stand for
a^ap, b^ag, c^a^ di=al#N+a!$ s+b (2.21a)
and
4>i=<t>p/ 4^ 1-1 =4>v  (2.21b)
The above equation can be solved by the following 
technique. In Eq. (2.20), 0; is related to adjacent ^  and 
$i+1. To specify the boundary value, Cj and bN can be set to 
zero so that and 0N+, do not have any meaningful values.
That is, c, should be zero when i=l and bN should be zero when 
i=N because <p0 and #N+1 do not exist. Thus, <f>l can be expressed 
in terms of <f>2 when i=l. When i=2, the equation becomes a 
relationship between <plf <j>2 and <p3, but if is substituted in 
terms of <f>2, this equation reduces to a relation between 02 
and <p3. This process continues until <j>N is expressed by 0N+1. 
Since the term which contains 0N+1 is zero, the value of <pH 
can be decided at this stage. Once the value of tf>N is 
obtained, 0N.j can be calculated from <pN, and 0N_2 can be 
calculated from <f>u_lr and so on.
If the relationship between the neighboring two 
properties is given by
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{2 .2 2 )
the same expression is written as
(2.23)
Substituting Eq. (2.23) into Eq. (2.20) gives
<t>i=---^ di+Ci°i-~1~ , (2.24)
2 a i ~ C iP i-l A i - C i P ^
and comparing of Eq. (2.24) with Eq. (2.22) leads to
±i_ 
a i ~ c ip i-1
P±= _ ^  (2.25a)
g = di+cigi-i , (2.25b)
1 P.
Eq. (2.25) enable us to calculate the values of P} and Qf 
because all the coefficients are known. When i=N, PN=0 since 
bN=0; hence <f>N is obtained from Eq. (2.22):
(2.26)
Then, using Eq. (2.22) for i=N-l, N-2, ..., 3, 2, 1, the
temperatures of <pN.lf 0N.2, ..., 03, 02, 01 can obtained.
2.2.5 SIMPLE Algorithm
In the previous section, the general differential 
equation for <f> was solved in the given flow field; However, 
when the velocity field is not known, it must be obtained by 
solving the momentum equation. The velocity components are
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governed by the momentum equations, which are particular 
cases of the general differential equation for cf>} for 
example, #=u and r=p. Because the method for solving the 
general momentum equations has already been developed in the 
previous section, it seems possible that the velocity fields 
can be obtained. However, the real difficulty in the 
calculation of the velocity field lies in the unknown 
pressure field. The pressure gradient forms a part of the 
source term for the momentum equation. The momentum equation 
can be solved with a known pressure field, but the way to 
determine the pressure field is not simple.
To determined the pressure field, Dix (1963), Barakat 
and Clark (1966), and Pearson (1965) developed and described 
a stream function/vorticity method. This procedure eliminates 
the pressure from the governing equation. The problem, 
however, is that the pressure, which has been eliminated, is 
frequently an important term for the calculation of density 
and of other fluid properties.
Differing from the above methods, the SIMPLE algorithm 
method corrects velocities via a series of continuity 
satisfying velocity fields. The number of unknowns in the 
momentum equation is greater than the number of equations 
because of the unknown pressure field; however, the unknown 
pressure field may be determined using the continuity 
equation. In this method, the pressure field is guessed, and 
the velocity fields are obtained with the guessed pressure.
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Then, these velocity fields are checked using the continuity 
equation. If the velocity fields do not satisfy the 
continuity equation, the pressure is corrected and new 
velocity fields are obtained until the continuity equation is 
satisfied.
When the velocity fields obtained from the momentum 
equation with the guessed pressure do not satisfy the 
continuity equation, the velocity fields and the pressure 
field should be corrected:
Here, p* represents the guessed pressure and u* and v* are the 
velocity field obtained by the guessed pressure, u', v' and 
p' denote the correction terms of the velocity and pressure 
fields.
u=u*+u/ v=v*+v' p=p*+p!. (2.27)
(2.28a)
(2.28b)
(2.28c)
(2.28d)
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The final discretization equation to solve the pressure 
correction term may be expressed as
2fPp=2£P£+2ffPff+3jfPu+3sPi+5 (2.29)
where
a'E= PeA* Ay, a/= (2 . 30a,b)
aE aW
ajj= P»AnAx, a/= PsAsAx (2.30c, d)
aN as
a ^ = a ' + a ' + a * + a '  ( 2 . 3 0 e )
5=[(pu*)w-(pv*)e]Ay+[(pv*)s-(pv*)JAx. (2.30f)
The equation for the pressure correction p' (Eq. (2.29)) is 
the same type of equation as the general <j> equation and, 
thus, can be solved using the TDMA algorithm method.
The general procedure for obtaining the solutions is as 
follows:
1) Guess the pressure field p".
2) Solve the momentum equation to calculate the u* and v* 
which correspond to the guessed pressure p*.
3) Calculate the pressure correction term p' from Eq. (2.29) 
by solving the discretization equation.
4) Correct the pressure p from Eq. (2.27).
5) Correct u and v from Eq. (2.28).
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6) Solve the discretization equation for other <p's using the 
velocity fields obtained in step (5).
7) Treat the corrected pressure p' as a new guessed pressure 
p'; then return to step (2) and repeat the procedure until 
a converged solution is obtained.
2.2.6 Computer Program
SIMPLE program has the following features. It is 
designed to solve in either rectangular or cylindrical 
coordinate systems and either steady or unsteady state 
problems. It can be divided in two parts: the main program 
and the user program. Fig. 2.5 shows a flow diagram of the 
computer program. The main program does not need to be 
changed and only the user program needs modification 
according to the specification of the problem. Table 2.1 and 
Table 2.2 show a brief explanation of the function of the 
main program and the user program.
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define
grid user program
give
initial
values
GRID
START
DENSEget <t>'s by
iteration
method BOUND
GAMSOR
OUTPUTno check
convergence
setup:yes
SETUP1
print SETUP2
stop
SOLVE £
PRINT
UGR1D
main program
Fig. 2.5 Flow diagram of the computer program.
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Table 2.1 Description of the main program.
SUB-ROUTINE FUNCTION
SETUP 1 Performs the calculation of geometrical 
quantities.
SETUP 2 Calculates the discretization coefficients.
SOLVE Performs the line by line TDMA to solve 
equations.
DIFLOW Calculates the diffusion conductance and 
the strength of convection.
UGRID Performs the uniform grid generation.
PRINT Provides the print-out utility.
Table 2.2 Description of the user program.
SUB-ROUTINE FUNCTION
GRID All the grid related information is 
specified.
START Initial or starting conditions are given.
DENSE The density is given here.
BOUND Boundary conditions are specified here.
OUTPUT
The printing of a desired output is made 
here.
GAMSOR The diffusivity and source terms are given 
here.
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Chapter 3 Rectangular Coextrusion System
3.1 Introduction
The feed block method described in the previous section 
was used in this study. In this method, the core and skin 
polymers join together at the feed block and enter the die. 
Since both the core polymer (polypropylene) and the skin 
polymer (polyethylene) have a hydrocarbon structure, the 
process was stable without any interfacial instability.
In order to discuss the processing characteristics of 
the coextrusion system, it is necessary to develop a 
relationship between the rheological parameters and the flow 
properties such as velocity and pressure. The velocity 
profile and the interface position may change with the 
viscosities of the skin and core polymers, and the pressure 
gradient of the coextrusion system can change when the 
skin/core flow rate ratio changes. In this chapter, the 
dependence of the processing parameter and rheological 
parameter on the flow characteristics is discussed for 
Newtonian and power-law fluids.
3.2 Newtonian Fluid
The velocity profiles and the volumetric flow rates of 
the skin and core polymers for the Newtonian fluid can be 
calculated theoretically by the following method. Consider 
skin/core flow in a parallel rectangular cross-sectional area
36
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channel as shown in Fig. 3.1. Assume (1) the flow is fully 
developed in the region of consideration and is at steady 
state, (2) external forces, such as the gravitational, are 
negligible, (3) there is no slippage at the die wall or at 
the interface between the two liquid layers, and (4) 
isothermal condition. For motion in one dimension, the 
x-component of the equation of motion is given by
-|£+|ii^=o. (3.1)
d x  d y
For the flow situation under consideration, the velocity 
field is given by
V X ~  V X  M  '■ vy- V Z= 0  ■ (3.2)
Boundary conditions of the system are
vx.a=0 at y=h
v x .a = v x ,b  a t  y = c
(3.3)
where h is the height of the channel and c is the interface 
position between the polymer A and B. Integrating Eq. (3.1) 
gives
=J£i [i-(Z)2i 
2 »iA h
vx.A=¥fr (3.4)
for polymer A and
vx B=^ r ~  [1_ 23 +^ r ~  [1~ (_r )2] (3-5)
X 'B 2 h b c  2  h a h
for polymer B, where f is the pressure gradient defined by
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Fluid A
Fluid B
F i g .  3 . 1  S c h e m a t i c  d i a g r a m  o f  t h e  t w o - p h a s e  s t r a t i f i e d  f l o w .
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(3.6)
These equations contain two unknown parameters, the interface 
position (c) and the pressure gradient (f); hence the 
velocity profiles could not be obtained unless these 
parameters were obtained. While the parameters could not be 
determined with the velocity equations, the equations for the 
volumetric flow rates could be used to calculate them because 
the volumetric flow rates were known.
The equation for the volumetric flow rate was developed 
by integrating the velocity profile:
Here, W indicates the width of the channel and Q indicates 
the volumetric flow rate. The volumetric flow rates of the 
skin and core polymer became
In order to obtain the interface position and the pressure 
gradient, the Newtonian melt viscosity of the polyethylene 
used as the skin polymer given in the Polymer Handbook 
(Brandrup and Immergut, 1989) as 100 Pa.s was used, and the 
total flow rate was assumed as 5xl0'3 kg/min.
Q = f2Wvxd y . (3.7)
(3.8)
(3.9)
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The pressure gradient and the interface position at 
selected skin/core flow rate ratios were obtained by solving 
Eqs. (3.8) and (3.9) simultaneously, and the results are 
shown in Figs. 3.2 and 3.3. As can be seen in Fig. 3.2, when 
the skin polymer was not used, that is, when the skin/core 
flow rate ratio was zero, the pressure gradient was high; 
however, it decreased rapidly as the skin polymer was 
introduced. Since the skin polymer acts as a lubricant, the 
pressure gradient decreased as the flow rate of the skin 
polymer increased, but the efficiency of the lubrication was 
limited as the flow rate of the skin polymer increased 
further. In other words, when the skin/core flow rate ratio 
was greater than 0.1, the pressure gradient remained the same 
and did not increase significantly with further increases in 
the flow rate ratio.
The dimensionless interface positions changed with the 
skin/core flow rate ratio, and the calculated result is shown 
in Fig. 3.3. It should be noticed that the dimensionless 
interface position is not same as the volumetric flow rate 
ratio. For example, when the skin/core flow rate ratio is 
0.1, we may assume that the dimensionless interface position 
is 0.9, but this is not true. The continuous line in Fig.
3.3 showed the reference interface position calculated with 
the flow rate ratio. It is interesting to note that the 
actual dimensionless interface position was always lower than 
the reference interface position. Since the average velocity
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Fig. 3.2 Pressure gradient change with the increase of the 
skin/core flow rate ratio for Newtonian fluid.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
D
im
en
si
on
le
ss
 
he
ig
ht
42
0.
0.
0.
0.
0.
Fig. 3
re fe rence  i n t e r f ace  
position
Mb/ma= 100
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Flow rate  rat io
.3 Interface position change with the skin/core 
volumetric flow rate ratio for Newtonian fluid.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
43
of the skin polymer was always lower than that of the core 
polymer, the skin polymer needed more area for the 
corresponding volumetric flow rates. This large area lowered 
the dimensionless interface position from the one that was 
obtained with matching velocity profiles. When the viscosity 
of the core polymer increased, the average velocity of the 
core polymer decreased and that of the skin polymer 
increased, as can be seen Fig. 3.4. Hence the core polymer 
needed more area and the skin polymer needed less area than 
before. As a result, the interface position between the 
skin/core polymers moved outward (see Fig. 3.3).
Once the interface position and the pressure gradient 
were determined, the velocity profiles could be obtained by 
substituting them in Eqs. (3.4) and (3.5). Fig. 3.4 shows 
the velocity profiles when the viscosity of the core polymer 
was equal to or higher than that of the skin polymer. It is 
noted that, at and above some ratio, the velocity profile of 
the core polymer did not change significantly as the 
viscosity of the core polymer increased. That is, when the 
viscosity of the core polymer was more than 30 times higher 
than that of the skin polymer, the velocity of the core 
polymer did not change significantly with the y-position 
because the skin polymer sufficiently lubricated the core 
polymer. Therefore, the results showed that a plug flow 
could be obtained by the polymer combination of the
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coextrusion system when the viscosity of the skin polymer was 
sufficiently lower than that of the core polymer.
3.3 Power-law Fluid
Polyolefins such as polyethylene and polypropylene do 
not exhibit ideal Newtonian behavior and are generally 
considered as power-law fluids. Therefore, for a more 
realistic portrayal, this study developed the velocity 
profiles assuming that the polymers follow the power-law 
models.
If all the assumptions for the power-law model are the same 
as for the Newtonian case, the equation of motion of the 
x-component is given by
The polymer flow behavior was also modeled using the 
power-law equation
where K is the power-law consistency and n is the power-law 
index. With the aid ' of the boundary condition at the 
centerline,
(3.10)
(3.11)
a t  y = 0 . (3.12)
Eq.(3.10) gives
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V = f y  ( 3 . 1 3 )
w h e re  f  r e p r e s e n t s  t h e  p r e s s u r e  g r a d i e n t .
T h e  b o u n d a r y  c o n d i t i o n s  a t  t h e  w a l l  a n d  t h e  i n t e r f a c e s  a r e  
g iv e n  b y
vx A =0 at y=h  ( 3 . 1 4 a )
vx.j t vx.b at y = c - ( 3 . 1 4 b )
B y  c o m b in in g  E q s .  ( 3 . 1 1 )  a n d  ( 3 . 1 3 )  a n d  i n t e g r a t i n g  t h e  
r e s u l t i n g  e x p r e s s i o n ,  w e o b t a i n  t h e  v e l o c i t y  p r o f i l e s
Vx.ab < 4- > } h“Atl [1“ (i ] “A+1] <3 •15 >
k a  a ^ + 1  n
Vx B= (■4-) “B (~ ^ T > c“s+1 (Z) “B+11 + (4- >X' B Kb a B+ l  c  Ka
( 3 . 1 6 )
(— i-)i2^ +1[1-(-f)“^ 1]
aA+l h
i n  w h ic h
a , = — , a B= — . ( 3 . 1 7 )
A 71 a 77ilA  11B
T h e  v o l u m e t r i c  f l o w  r a t e s  m ay b e  o b t a i n e d  f r o m
Q=j2Wvxdy, ( 3 . 1 8 )
a n d  t h e  r e s u l t s  a r e
Q = 2 W ( - ~ ^ - ) h 2+a*[ i _ )  ( i - ( - £ ) 2+a^) ]  ( 3 . 1 9 )
A K s l + a ,  h  2 + a ,  h '
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Qb=2 W(-$r)aB( — ) c fl+2 JV( X ) 8* ( — ) h 1+a*
b  2 + * b  * a  1 + « a
(3.20)
[1_( C)1^ ] _ 
h
In computing velocity profiles by Eqs. (3.15) and
(3.16), the pressure gradient and the interface position
between the two polymers should be obtained first, and they
can be calculated by solving Eqs. (3.19) and (3.20). Han 
(1981) performed a similar analysis for flat-film coextrusion 
in a rectangular channel and suggested that the pressure 
gradient should be measured experimentally and only the 
interface position should be obtained by calculation. 
However, both the interface position and the pressure 
gradient were calculated in this study.
Rheological properties such as power-law consistency and 
power-law index were measured experimentally. The properties 
were measured by Bohlin Rheometer CS, which is a cone and 
plate type rheometer. Fig. 3.5 and Fig. 3.6 show the 
rheological curves for the polypropylene and the polyethylene 
at 200°C, which indicates shear thinning behavior. Fig. 3.7 
and Fig. 3.8 show the temperature's dependence on the 
power-law consistency and on the power-law index of the 
polyethylene and polypropylene polymers. The power-law 
consistency decreased as the temperature increased, but the 
power-law index did not change with the temperature.
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Fig. 3.5 Viscosity change with shear rate for the 
polypropylene at 200°C.
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Based on the above equations and on the known flow 
rates, the pressure gradient and the interface position were 
calculated using trial and error methods. The velocity 
profiles were then obtained from Eq. (3.15) and Eq. (3.16). 
The viscosity of the skin polymer was fixed, and the 
viscosities of the core polymer were assumed to be 5, 30, and 
100 times the values of the skin polymer viscosity to solve 
Eqs. (3.19) and (3.20). The volumetric flow rate must be 
known to solve the above equations, and in this calculation, 
the total volumetric flow rate was taken as 5 g/min.
The pressure gradient changed with the skin/core flow 
rate ratio, as shown in Fig. 3.9. Similar to the Newtonian 
case, when skin polymer was introduced, the pressure gradient 
decreased rapidly and did not decrease further when the flow 
rate ratio was greater than 0.1. Since the skin polymer is 
a lubricant and the elongational melt behavior of the core 
polymer is of interest, the skin polymer should be as small 
as possible as long as while still providing sufficient 
lubrication. Therefore, the study indicated that an 
appropriate skin/core flow rate ratio was 0.1 for the 
lubrication purpose since there was not much more lubrication 
effect above that ratio.
The dimensionless interface position also changed with 
the change of the skin/core volumetric flow rate ratio, and 
Fig. 3.10 shows the calculated results. Similar to the 
Newtonian case, when the volumetric flow rate of the skin
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Fig. 3.9 Pressure gradient change with the increase of the 
skin/core flow rate ratio for power-law fluid.
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polymer increased, the thickness of the skin polymer 
increased nonlinearly. It should be pointed out again that 
the dimensionless interface position is not the same as the 
volumetric flow rate ratio because QA and QB are complicated 
functions (given by Eqs. (3.19) and (3.20)) of the interface 
position, the power-law constants, and the pressure gradient.
As can be seen Fig. 3.10, the location of the interface 
position was similar to that in the Newtonian case. The 
skin/core thickness ratio was greater than the volumetric 
flow rate ratio because the average velocity of the skin 
polymer was lower than that of the core polymer. Hence, the 
skin polymer needed more area to satisfy the mass balance. 
As the viscosity of the core polymer increased, the location 
of the interface position moved outward. When the viscosity 
of the core polymer increased, the velocity of the skin 
polymer increased, and that of the core polymer decreased; 
therefore, the interface position moved outward to satisfy 
the mass balance.
The velocity profile changed with the core/skin 
viscosity ratio, and the core polymer could be a plug flow as 
shown in Fig. 3.11. When the core/skin viscosity ratio was 
more than 30, the velocity profile of the core polymer did 
not change with y-position because most of the shearing 
gradient was located in the skin polymer. Mathematically, 
when the core viscosity (KB) is much higher than the skin 
viscosity (KA), the first term of Eq. (3.16) is much smaller
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Fig. 3.11 Velocity profiles of the coextrusion system at
different skin/core viscosity ratios for power-law 
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than the second term and can be neglected. Thus the velocity 
of the core polymer is close to a constant, which indicates 
that a plug flow may be obtained in a coextrusion system with 
an appropriate choice of polymers where the viscosity of the 
skin polymer is sufficiently lower than that of the core 
polymer.
When the skin polymer was replaced with a more shear 
thinning polymer, the lubricating effect increased. The 
lower the power-law index of the skin polymer, the greater 
the ability to push the shearing gradient into the skin 
polymer. Fig. 3.12 shows the relationship between the 
power-law index of the skin polymer and the velocity profile, 
assuming that the properties of the core polymer do not 
change. The velocity profile of the core polymer became 
flatter as the power-law index of the skin polymer decreased 
due to the increasing shear thinning effect.
Before ending the discussion of power-law fluids, it 
should be noted that plug flow was obtained when the 
viscosity of the skin polymer was much lower than that of the 
core polymer or when the lower power-law index polymer was 
used as a skin polymer. If this condition holds in 
converging flow, then the core polymer is in essentially pure 
elongational flow. In the coextrusion process, the core 
polymer could be in elongational flow by the appropriate 
selection of the skin and of the core polymer at controlled 
processing conditions such as temperature and flow rates.
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Chapter 4 Converging Shape and Elongational Strain Rate
One of the objectives of this research was to 
characterize and control the elongational flow behavior in 
the converging section of the extrusion die. In the 
converging die, when the polymer enters into the converging 
section, it is accelerated, and almost randomly oriented 
polymer chains are oriented by the elongational flow. If the 
viscosity of the skin polymer was much lower than that of the 
core polymer, the skin polymer was in mixed shear and 
elongational flows while the core polymer was in nearly pure 
elongational flow. Unlike shear flow, elongational flow has 
no rotation; therefore, elongational flow is more effective 
in extending and orienting the molecular chains. Hence core 
polymer is more effectively oriented in the elongational 
flow.
Elongational viscosity, which is defined as the ratio of 
normal stress difference in elongation to the rate of 
elongation, is analogous to the definition of shear 
viscosity. While shear viscosity should be measured in a 
flow where the shear rate is constant, elongational viscosity 
should be measured in a flow where the elongational strain 
rate is controlled. In order to measure the elongational 
viscosity, two conditions should be met by the flow field:
(1) it should be an essentially pure elongational flow, and
(2) the elongational strain rate should be constant. As
59
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discussed in the previous section, the first condition can be 
satisfied by using a lower viscosity skin layer. In order to 
produce controlled strain rates to satisfy the second 
condition, the converging channel should be shaped 
accordingly because the shape of the converging section 
determines the elongational strain rate. The relationship 
between the converging shape and the elongational strain rate 
is discussed in this chapter.
Consider a converging channel which has a converging 
shape y=y(x). The elongational strain rate is defined by
and velocity can be written as
(4.2)
If Q denotes the total flow rate per unit width
Q=2y(x) vx, (4.3)
and substituting Eg. (4.2) into Eg. (4.3) gives
Q=2y(x) dx. (4.4)
Therefore
4(x)=- (4.5)
and by rearranging Eg. (4.3),
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
If the equation for the converging section is known, then, by 
substituting y(x) in Eq. (4.5) and (4.6), the elongational 
strain rate and velocity profiles may be obtained.
For the linear converging geometry, the general equation 
can be expressed by
y{x) =b-ax. (4.7)
The elongational strain rate can be written as
e{x)=3Q.---1---, (4.8)
2 (b-ax)2
and the velocity may be written as
( 4 - 9 )
The elongational strain rate and the velocity were 
obtained for the linear converging die using the above 
equations. Fig. 4.1.a shows the converging shape of a linear 
converging channel, and Fig. 4.1.b and Fig. 4.1.c show the 
elongational strain rate and the velocity, respectively. In 
the linear converging channel, the elongational strain rate 
and the velocity increased rapidly as the polymer melt 
approached the exit of the converging section, and they were 
greatly affected by the height of the land section. The 
rapid increase of the velocity and elongational strain rate 
may have caused an instability such as a melt fracture and 
was one of the disadvantages of the linear converging die.
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The equation which gives the constant elongational 
strain rate throughout the converging region was found by 
solving Eq. (4.5). Thus, if the elongational strain rate is 
constant,
-4— (— i--) = -— —  = constant (4.10)
2 dxy(x) 2y 2
where y' is the differential of y(x). The solution of the 
differential equation leads to
(4.U)
and when the converging shape follows the above equation, the 
elongational strain rate becomes
k=-^-= constant (4.12)
2d
which means that the elongational strain rate does not change 
with the position. Hence, the shape of the converging 
section should follow Eq. (4.11) in order to have a constant 
elongational strain rate. The velocity can be written as
(4.13)
and it increases linearly in the x-direction.
Based on the above equations, the hyperbolic converging 
die was considered. Fig. 4 . 2 . a shows the shape of the 
converging channel which provides a constant elongational 
strain rate, and Fig. 4 . 2 . b  and Fig. 4 . 2 . C  show the 
corresponding elongational strain rate and the velocity. In
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the hyperbolic converging die, elongational strain rate did 
not change, and the velocity increased linearly with the x- 
position. Since elongational strain rate could be obtained 
as a linear function of the flow rate with this shape, it was 
very suitable for elongational viscosity measurement. 
Moreover, the process may have been more stable because, 
unlike the linear shape, the elongational strain rate did not 
increase rapidly near the exit.
One of the possible disadvantages of the above die 
profile is that the elongational strain rate jumped from zero 
to the designed value at the entrance of the converging 
section, as shown in Fig. 4.2.b. This abrupt change may 
cause a circulation flow by the same mechanism as that found 
in a flat entry die. Therefore, it may be desirable to 
gradually increase the elongational strain rate at the 
entrance of the converging section, and it may be necessary 
to design an introduction at the beginning of the converging 
section.
The hyperbolic converging die could be modified to have 
a gradual increase of the elongational strain rate in the 
beginning of the converging section. Fig. 4.3.a shows a 
design of a constant elongational strain rate shape which had 
an increasing elongational strain rate in the entry region. 
In this shape, the elongational strain rate increased 
gradually from zero at the beginning section to a constant 
value at the next section. The equation for the shape of the
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beginning section is
y=-ax2+b, (4.14)
and the equation for the shape of the rest of the section is 
similar to Eq. (4.11). The equation for the converging shape 
changed at a fixed x-position, and this position was 
determined such that the elongational strain rate was 
continuous at that position (see Fig. 4.3.b). The velocity, 
shown in Fig. 4.3.c, increased gradually near the entry to a 
linear rise in the rest of the section.
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Chapter 5 Converging Coextrusion System
5.1 Newtonian Fluid
As discussed in Chapter 3, a plug flow was obtained in 
a parallel channel when the viscosity of the skin polymer was 
much lower than that of the core polymer or when a lower 
power-law index polymer was used as a skin polymer. If this 
condition holds in the converging channel, then the core 
polymer can be brought into essentially pure elongational 
flow.
In order to determine the characteristics of the flow 
system which provides the pure elongational flow, the 
velocity profiles of the skin and the core polymers in the 
converging channel were developed by an analytical method for 
a Newtonian fluid. The following assumptions were made to 
simplify the calculations: (1) no slip conditions at the die 
wall and at the interface of the two polymers, (2) isothermal 
condition, and (3) negligible inertial terms. For 
convenience, a cylindrical coordinate system was applied 
first for wedge flow, and then the solution was converted to 
the Cartesian coordinate system for an arbitrary channel 
flow. This method was introduced by Langlois (1964) who 
developed the velocity profile of a Newtonian fluid for an 
arbitrary converging channel in a single layer case.
The velocity profile for an arbitrary converging channel 
in a coextrusion system can be obtained by the following
68
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y
y=h(x)
y=b (x)
a=arctan
P=arctan
Fig. 5.1 Schematic diagram of the coextrusion system in a 
converging die with an arbitrary shape.
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method. Fig. 5.1 shows a schematic diagram of the 
coextrusion system in an arbitrary converging channel. For 
a linear converging flow, the velocity profiles in the 
cylindrical coordinate system are given by
vr=vr(r,0) (5.1)
ve=0 (5.2)
vz=0, (5.3)
and the continuity equation may be written as
(rv ) =0 or (5.4)
r dr z 1 r
The equations of motion can be written as
(5.5)
dr r2 362
dP = lliiZi. (5.6)
30 r 36
After substituting Eq. (5.4) into Eqs. (5.5) and (5.6) and 
after differentiating Eq. (5.5) with respect to 6 and Eq.
(5.6) with respect to r and after eliminating the pressure 
terms, we get f(6).
f(8) =C1+C2cos20+C3sin20 (5.7)
where Clf C2, C3 are integration constants.
The boundary conditions of the coextrusion system are
yrA=0 at 6=±a (5.8a)
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vz.A= v r.B at 6 = ±P (5.8b)
a
Qa=2Jvr ArdQ (5.8c)
P
P
QB=2fvz BrdQ. (5 . 8d)
o
With the aid of the boundary conditions, the integration 
constants can be determined; hence, f(0) can be obtained. 
When f(0) is substituted in Eq. (5.2), the velocity profiles 
are obtained. The pressure gradients can be obtained using 
Eqs. (5.5) and (5.6):
vZA=°±___________ sin2«-sin2e___________  (5>g)
-r sinacosa-sinpcosp-(a~P)+2 (a-p) sin2a
y,B=Vr;»(P> + 0*~2— '-P-  sin2P-sin26  (5.10)z sinPcosP~P+2psin2p
(
dP\ _ 2pAQA_____________2sin28-l
dr)A r3 sinacosa-sinpcosp-(a-p)+2(a-p)sin2a
(5.11)
(dP\ _2nB(gB-2Prvr>A(P)) 2sin26-l (5.12)
\dr/B r3 sinPcosp-p+2Psin2P
dP\  4.V-A&A_____________sin8cos8_____________
98/a r2 sinacosa-sinpcosp-(a-p)+2(a-p)sin2a
I dP\ _ 4nB(gB-2Prvr<A(P))_____ sin8cos8____
\38/s r2 sinPcosp-p+2Psin2P
where
(5.13)
(5.14)
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v a( B ) = ^ _____________ sin2a-sin2E------------- _ {515)
z' * sinacosa-sinpcosp-(a~P)+2 (a~P) sin2a
In order to use these results in the arbitrary converging
shape, these solutions were converted to cartesian coordinate
system with the notations indicated in Fig. 5.1:
n • (5.16)vx=vrcos0 vy=vrsin0 ' '
dP_ x-L dP y dP , c n  \
-Si’— ~ai~y-d5 (5’17)
BP_y dP , x-L dP 1R.
cos6=—  X~L sin0=- (5.19)
\J (x-L) 2+y2 V (x~L)2+y2
D=tana G=tanP (5.20)
r=\/(x-L) 2+y2 (5.21)
sina=— cosa=— ^== (5.22)
y/l+D2 Jl+D2
sinp=— cosP=— (5.23)
v/t +g 2 v t+g 2
Here L is the distance from the entry of the converging 
section to the converging point (see Fig. 5.1). L changed 
with the x-position, and the determination of L enabled us to 
transform the linear converging problem into the arbitrary 
shape converging problem. L is a constant in the linear
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converging shape while it is a function of x-position in the 
arbitrary converging shape. Eqs (5.9)-(5.15) then yield
v. QaD2*1 h2-y2X,A M (h2+D2y2)2
v B a — [°*(pa:P-!lMg.-2Q,tan-‘C D‘-G2 )
x' h2+D2y 2 (1+G2) M  (1+G2)M
G2h2-D2y2 J 
(h2+D2y 2) N
_ QjP^y h2-y2 
y'A M  (h2+D2y2)2
vy ^  ,C,-2CAtan-iG^ | L .
y' h2+D2y2 (1+G2)M (l+G2) M
G2tiz-D2y2 j 
(h2+D2y 2) N
jdP\ 2\iAQA(l+D2)D3h h2-3D2y 2
\dxjA M (h2+D2y 2)3
if) =. 2 ^ ( 1 g 2g h>-3D‘y‘
dx)B N Ua (l +g 2)M (h2+D2y z)3
IdP\ 2yAQA(l+D2) D*y 3 h2-D2y 2 
[dy)A M (h2+D2y 2)2
if) =. 2M i + s 2) o‘y (g 2g tan-iG_ D 2-^!_) 3h*-D*y>
S y j B N  ‘  ( 1 + G 2) M  ( h 2+D2y 2) 2
where,
(5.24)
(5.25)
(5.26)
(5.27)
(5.28)
(5.29)
(5.30)
(5.31)
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M=D- (1 -D2) tan~1D+ (1-D2) tan~1g- G<'1+D*^
1+G2
(5.32)
N=G- (1-G2) tan_1G. (5.33)
In the above equations, h(x) represents the equation of 
the die wall and b(x) represents the equation of the 
interface between the two polymers. D and G are slopes of 
the h(x) and b(x) curves at a fixed x point. That is,
The velocity profiles of the polymer A and B can be 
obtained by Eqs. (5.24)-(5.27), but an interfacial equation 
b(x) which is related to G is not known. As in the 
rectangular channel case discussed earlier, the interface 
position could be obtained using the flow rates of the skin
D(x)=-fh(x)
dx
(5.34)
G(x) =-^-b(x) .
dx
(5.35)
Also
h=D(L-x) (5.36)
b=G(L-x), (5.37)
and
(5.38)
(5.39)
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and the core polymers. Since the pressure gradient was same 
for the skin and core polymers,
(£)/( II
and the equation for the interface position became
^ Qa {M +D2) ^ B(l;G2) (gB-2gAtan-1G--^ 2~f2 ) . (5.41)M  N (l+G2)M
In Eq. (5.41), if pA and /jb are known and if QA and QB are 
given, G can be calculated. Since h(x) is known, D(x) could 
be calculated by Eq. (5.34), and then L(x) could be obtained 
by Eq. (5.38). Therefore, if G(x) was calculated by Eq. 
(5.41), the interface position b(x) could be obtained by Eq. 
(5.37).
For known equations of the converging section, the 
interface position and the velocity profiles were calculated 
by the above equations. Fig. 5.2 and Fig. 5.3 show the 
interface positions in the linear converging die and in the 
hyperbolic converging die. It is important to note that in 
these figures, the shape of the interface was same as the 
shape of the die wall. That is, the equation of the 
interface for the linear converging die could be expressed by 
y=-ax+b, which was the analogous equation for the die wall. 
Similarly, both the equation of the interface and the die 
wall of the hyperbolic die can be expressed by the same 
equation: y=a/x. This implies that neither circulation nor
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig.
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Die wall
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Dimensionless length
5.2 Interface position change with the core/skin
viscosity ratio in the linear converging die for 
Newtonian fluid.
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Die wall
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Fig. 5.3 Interface position change with the core/skin
viscosity ratio in the hyperbolic converging die for 
Newtonian fluid.
i
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disruption of the flow occurred in the converging section, 
and if it did, this analysis would not be correct. In both 
cases, the interface position moved outward as the viscosity 
of the core polymer increased. As mentioned when referring 
to the channel flow, this was due to the fact that as the 
viscosity of the core polymer increased, the average velocity 
of the core polymer decreased and that of the skin polymer 
increased.
The velocity profile in the converging section changed 
with the core/skin viscosity ratio. Fig. 5.4 and Fig. 5.5 
show the change in the velocity profiles which were obtained 
from Eqs. (5.24)-(5.27) in the linear converging die and in 
the hyperbolic converging die. When the core/skin viscosity 
ratio increased, the velocity profile of the core polymer did 
not change with the y-position because the skin polymer 
sufficiently lubricated the core polymer. This indicated 
that the core polymer was in a nearly pure elongational flow 
while the skin polymer was in a combined shear and 
elongational flow and dissipated almost all of the shearing 
effects caused by the die wall. Pure elongational flow in 
the core developed when the core/skin viscosity ratio was 
greater than 100 in both linear and hyperbolic converging 
dies.
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5.2 Power-Law Fluid
5.2.1 Modeling of the System
In the previous sections, the velocity profiles of the 
converging systems were developed assuming that the polymer 
melts follow Newtonian models. By this assumption, the core 
polymer was in the pure elongational flow field when the 
viscosity of the skin polymer was low enough to concentrate 
essentially all the shearing gradient in the skin layer. 
However, the Newtonian model does not fit most polymer melts, 
including polypropylene and polyethylene used in this study. 
In this section, for a more realistic interpretation, it was 
assumed that the polymer melts follow power-law models to 
obtain the velocity profiles.
In order to obtain the solution analytically, the 
temperature was assumed to be constant for the Newtonian 
case, but in the power-law case, it was assumed to be 
non-isothermal. When the viscosity of the fluid is high, the 
temperature increases due to the viscous dissipation effect. 
In case of extrusion, the temperature of the polymer melt may 
be higher than the external heater temperature due to the 
viscous dissipation effect.
In the following calculation, the velocity profiles were 
obtained considering the viscous dissipation term and 
temperature effects on the viscosity of polymer melts. The 
velocity profiles in a rectangular converging channel are 
given by
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vx=vx(x,y)
vy=vy(x,y)
v=0.
The continuity equation can be written as
•fSs.ii-o.dx dy
The equations of motion can be written as
P lvt
dv„ dv„■+v. dP , 3t„dx y dy dx dx dy
x 3x y 3y 3y V 3x 3y ' 
For a power-law model, r represents
x=-[R\ | - | ( A : A )  I”'1 ] A
(5.42)
(5.43)
(5.44)
(5.45)
(5.46)
(5.47)
(5.48)
where K is power-law consistency and A is the symmetrical 
"rate of deformation tensor." For this system, vx and vy are 
functions of only x and y, and vz is zero. Hence, A can be 
simplified as
A=
dv? *
dx
3v„ dv„
?Ix+!?Zy
dy dx 
dv„
dy dx 
0
dy
(5.49)
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T h e  t e r m  1 / 2 (A :A )  m ay b e  o b t a i n e d  b y  f o r m in g  t h e  d o u b l e - d o t  
p r o d u c t  o f  A  ( B i r d  e t  a l . ,  1 9 6 0 ) :
1 ( A : A )  =2 [ ( ^ ) 2+ ( ^ ) 2] + ( ^  + -^ A )2. 
2 Bx By Bx By
( 5 . 5 0 )
T h e  n o n - v a n i s h i n g  c o m p o n e n ts  o f  r  a r e
T*=-2
1 dv
|-i (A : A) I"’1 
'2 1 Bx
( 5 . 5 1 )
V 2 [R\ l(A:A) r
( 5 . 5 2 )
X ~x = ■yxy yx
1 dv dv
[X\| | - | ( A : A )  I”'1 ] < 1 ^ + - ^ ) ( 5 . 5 3 )
H e n c e , t h e  f i n a l  e q u a t i o n  o f  m o t io n  c a n  b e  d e r i v e d  b y  
s u b s t i t u t i n g  E q s . ( 5 . 5 1 ) - ( 5 . 5 3 )  i n t o  E q s . ( 5 . 4 6 )  a n d  ( 5 . 4 7 ) :
p (V*1&+Vyl&) -~l&+2K-k (N
1 Bv - | ( A : A )
2 ox
+^ [NU ( A : A )  |”- M - ^ + - ^ z )] <5 ' 5 4 >'2 1 By Bx
| - § (A:A)  | - M - ^ + - ^ ) ]  
2 By Bx
|1 (ASA)|«-^) . <5-55>2 oy
T h e  e q u a t io n  o f  e n e r g y  f o r  t h i s  s y s te m  c a n  b e  e x p r e s s e d
as
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where k is the thermal conductivity. Substitution of Eqs. 
(5.51)-(5.53) into Eq. (5.56) gives
| - |  (A: A) |n_1
(5.57)
[2(-^)2+2(^)2+(4r+-7r:)2] •ox dy ay ox
The equations of motion and energy should be solved 
simultaneously in order to obtain velocity profiles in the x 
and y direction. A numerical method called "SIMPLE," which 
was discussed in Chapter 2, was used to solve these 
equations, and this method will be explained in the following 
section.
5.2.2 Solution Technique
The SIMPLE computer program is designed to solve a 
series of partial differential equations which can be 
generally expressed as
£ ( p  ( 5 ' 5 8 )
where the subscript i can take the values 1, 2, and 3, 
denoting the three space coordinates. <p stands for dependent
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variables such as velocity component, temperature, or mass 
fraction of a chemical species. For each of these variables, 
an appropriate meaning has to be given to the diffusion 
coefficient r and the source term S. For our system of 
equations, tp is the velocity in the x or y- direction for the 
equations of motion. For the equation of energy, 0 stands 
for temperature.
In order to solve the equations developed in Chapter 
5.2.1, the equations of motion should be modified to the 
general form of the SIMPLE computer program as shown in Eq.
(5.58). Thus, the equations of motion can be modified as
+ n-1 y \
Bx
(5.59)
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In the computer program, the basic procedure for solving 
the equations of motion was almost the same as that for 
solving the equation of energy. The only difference was in 
the definition of the diffusion coefficient and the source 
term. For the equations of motion, the diffusion coefficient 
was defined as
The fourth and fifth terms of the right-hand side of Eq.
(5.59) and Eq. (5.60) are source terms. For the equation of 
energy, the diffusion coefficient is defined as
and the source term is the last term of the right hand side 
of Eq. (5.57).
The temperature and the velocity profiles are coupled 
due to the convective heat transfer and viscous dissipation 
effect. In the computer program, the velocities in x and y 
directions are obtained using the viscosity at the guessed 
temperature, and the temperature field is calculated using 
the velocity fields. When the velocities do not satisfy the 
continuity equation, they are corrected and new velocity 
profiles are obtained using the viscosity at the new 
temperature. The temperature field is calculated again. 
This step repeats until the velocities satisfy the continuity
r=J^ |-|(A:A) I”'1. (5.61)
(5.62)
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equation and the velocities and the temperatures are obtained 
simultaneously at the final stage.
The velocity profile for the Newtonian fluid in the
converging section was obtained in Chapter 5.1 by the
analytical method, and this result was used to prove the 
validity of the SIMPLE program. The velocity profile of the 
Newtonian fluid was solved using the SIMPLE program, and the 
result was compared with the result of the analytical method. 
When the results of both analytical and numerical methods for 
the Newtonian fluid were the same, we could conclude that the 
computer code was correct, and this program could be applied 
further to the power-law fluid.
For the Newtonian model, equations of motion for the 
SIMPLE computer program can be written as
dvx dvx QP d , dvx d , dvx _
+ <5'63>
dv dv QP d , dv d , dv
The diffusion coefficient is the viscosity of the polymer, 
and the source term is zero. Since an isothermal condition 
was assumed in the analytical method, the equation of energy 
was not solved and the viscosity was assumed to be constant.
The numerical results were compared with the analytical 
results for the Newtonian fluids. Fig. 5.6 a) shows the 
numerically calculated velocity profiles of the Newtonian 
fluid in the linear converging die, and Fig. 5.6 b) shows the
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a) Numerical method
b) Analytical method
Fig. 5.6 Comparison of the numerical result with the
analytical result for the linear converging die 
(core/skin viscosity ratio = 10).
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result which was previously obtained by the analytical 
method; the two sets of results matched. For the hyperbolic 
converging die which gives a constant elongational strain 
rate, Fig. 5.7 a) and Fig. 5.7 b) show the numerical and the 
analytical results; also, the velocity profile calculated by 
the numerical method matched well with the velocity profile 
calculated by the numerical method. Therefore, it could be 
concluded that both numerical and analytical results were 
correct and that this numerical method could be applied to 
the power-law model.
5.2.3 Results and Discussion
For the power-law fluid, the velocity profiles were 
developed with the change of the core/skin viscosity ratio. 
It was shown that the polymer melt in the parallel 
rectangular channel was in a plug flow when the skin polymer 
sufficiently lubricated the core polymer. At analogous 
conditions, the core polymer flow was elongational in a 
converging geometry. Fig. 5.8 shows the effect of a change 
in the core/skin viscosity ratio on the velocity profiles in 
the linear converging die. When the core viscosity was the 
same as the skin viscosity, the velocity profile was 
parabolic and the velocity accelerated as the polymer moved 
to the die exit. However, as the core/skin viscosity ratio 
increased, the shearing gradient was pushed into the skin 
polymer, and, as a result, the velocity profile of the core
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a) Numerical method
b) Analytical method
Fig. 5.7 Comparison of the numerical result with the
analytical result for the hyperbolic converging die 
(core/skin viscosity ratio = 10).
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a) viscosity ratio = 1
b) viscosity ratio = 10
Fig. 5.8 Velocity profiles with the change of the core/skin 
viscosity ratio in the linear converging die.
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polymer was flattened. The core polymer was essentially in 
a pure elongational flow region when the viscosity ratio was 
100.
Fig. 5.9 and Fig. 5.10 show the effect of a change in 
the skin/core viscosity ratio on the velocity profiles in a 
hyperbolic converging die and in the modified hyperbolic 
converging die. While the velocity increased rapidly at the 
die exit in the linear converging die, it increased linearly 
throughout the hyperbolic converging section. Similar to the 
case of the linear converging die, when the viscosity of the 
skin polymer was one hundred times lower than that of the 
core polymer, the core polymer was in essentially pure 
elongational flow.
The power-law index also affected the velocity profile. 
When the power-law index is law, the polymer is more shear 
thinning and is also a more effective lubricant. Fig. 5.11 
shows the effect on the velocity profile of a change in the 
power-law index of the skin polymer in the linear converging 
die. When the power-law index of the skin polymer was lower, 
the velocity profile of the core polymer was flatter. Since 
the viscosity of the lower power-law index polymer became 
smaller than that of the higher power-law index polymer at 
the same shear rate, the lower power-law index polymer had 
more lubrication efficiency. Fig. 5.12 and Fig. 5.13 show 
the effect on the velocity profiles due to change in the 
power-law index of the skin polymer in the hyperbolic and the
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a )  v i s c o s i t y  r a t i o  = 1
b )  v i s c o s i t y  r a t i o  = 10
c )  v i s c o s i t y  r a t i o  = 1 0 0
F i g .  5 . 9  V e l o c i t y  p r o f i l e s  w i t h  t h e  c h a n g e  o f  t h e  c o r e / s k i n  
v i s c o s i t y  r a t i o  i n  t h e  h y p e r b o l i c  c o n v e r g in g  d i e .
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a) viscosity ratio = 1
I I
c) viscosity ratio = 100
Fig. 5.10 Velocity profiles with the change of the core/skin 
viscosity ratio in the modified hyperbolic 
converging die.
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a )  P o w e r  la w  in d e x  =  0 . 9
F i g .  5 . 1 1  V e l o c i t y  p r o f i l e s  w i t h  t h e  c h a n g e  o f  t h e  p o w e r  la w  
in d e x  i n  t h e  l i n e a r  c o n v e r g in g  d i e .
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a) Power law index = 0.9
b) power law index = 0.5
Fig. 5.12 Velocity profiles with the change of the power law 
index in the hyperbolic converging die.
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a) Power law index = 0.9
b) power law index = 0.5
Fig. 5.13 Velocity profiles with the change of the power law 
index in the modified hyperbolic converging die.
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modified hyperbolic converging dies. As the power-law index 
became lower, the core polymer was more effectively 
lubricated and the velocity profile became flatter.
The velocity in the y-direction changed with y-position 
in the converging geometry. The velocity in the y-direction 
is zero at the die wall and at the center line, and it passes 
through a maximum value between them. As shown in Fig. 5.14, 
the y-component of velocity increased from zero at the wall, 
reached a maximum value, and then decreased as the y-position 
moved from the die wall to the center. The y-velocity 
changed differently with the core/skin viscosity ratio, and 
the position of the maximum velocity and the maximum velocity 
also changed with the core/skin viscosity ratio.
When the core viscosity was sufficiently higher than the 
skin viscosity, the position of the maximum velocity was 
located at the interface between the skin and the core 
polymers. Fig. 5.15 shows a plot of the maximum y-velocity 
position in the linear converging die, and Fig. 5.16 shows 
the maximum y-velocity position in the modified hyperbolic 
die. In these figures, it is interesting to note that the 
maximum y-velocity position lies on the interface between the 
two polymers.
The above difference was due to the difference in 
velocity profiles as shown in Fig. 5.17. In the figure, the 
thin arrows indicate streamline vectors, and the thick 
vertical arrows represent the y-velocity vectors. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
99
0.8
£CT>
■ =  0.6
<0m
4)
c
o
£  0 .4
4)
E
b
0.2 viscosity ro tio=  1
viscosity ro t io = 1 0 0
0.0
0.250.200.00 0.05 0 .10 0.15
y —velocity ( c m / m i n )
F i g .  5 . 1 4  V e l o c i t y  i n  y - d i r e c t i o n  a t  d i f f e r e n t  c o r e / s k i n  
v i s c o s i t y  r a t i o .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
D
im
en
si
on
le
ss
 
he
ig
ht
100
—  die wall
max. position
0.8 polymer interface
0.6
0 .4
0.2
0.0
0 .4 1.00.2 0.6 0.80.0
Dimensionless distance
F i g .  5 . 1 5  M axim um  y - v e l o c i t y  p o s i t i o n  i n  t h e  l i n e a r  
c o n v e r g in g  d i e .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
101
  max- position
0.8 polymer interface
£cr
S
■= 0.6
(0(00)
c
o
g 0 .4  
a>
£
5
0.2
0.0
1.00 .4 0.80.0 0.2 0.6
Dimensionless distance
F i g .  5 . 1 6  M axim um  y - v e l o c i t y  p o s i t i o n  i n  t h e  m o d i f i e d  
h y p e r b o l i c  c o n v e r g in g  d i e .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
102
Fig. 5.17 Schematic diagram of the velocity profile in the 
two different viscosity systems (-— -: viscosity 
ratio=100, ---  : viscosity ratio=l).
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y-velocity vector was one of the components of the streamline 
vector and was defined by the magnitude and the slope of the 
streamline vector. The greater the magnitude and the steeper 
the slope of the streamline vector, the faster the 
y-velocity. The slope of the streamline vector decreased as 
the y-position approached the center line from the die wall.
However, the magnitude of the streamline vector changed 
differently depending on the viscosity ratio of the two 
polymers. When the skin and core viscosities were the same, 
the velocity profile was parabolic and the magnitude of the 
streamline vector increased linearly from the die wall to the 
centerline. Therefore, the y-velocity component had a 
maximum value between the die wall and the center line. The 
location of this maximum was dependent on the dominance of 
the two factors, magnitude and slope of the streamline 
vector.
On the other hand, when the core viscosity was 
sufficiently higher than the skin viscosity, the velocity 
profile was parabolic in the skin region and flat in the core 
region. Considering only the core region, the magnitude of 
the streamline vector decreased when the viscosities were 
different but increased when they were the same. Since the 
slope also decreased, the y-velocity decreased as the 
position moved from the interface to the centerline. In the 
skin region, the magnitude of the streamline vector was more 
dominant than the slope of the streamline vector; hence, the
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y-velocity increased. As a result, the maximum y-velocity 
position was located in the interface of the two polymers.
The velocity was the same in both cases at a certain 
point, as can be seen in Fig. 5.14, which corresponds to 
point d in Fig. 5.17. The y-velocity was greater when the 
viscosities were different before the point d and was smaller 
after that point. The reason for this is that the magnitude 
of the streamline vector changes at the certain point.
Using the SIMPLE computer program, temperature fields in 
the converging section were also obtained, and Fig. 5.18 and 
Fig 5.19 show plots of the isothermal lines in the linear 
converging die and in the modified hyperbolic converging die. 
For these calculations, the temperature at the entrance of 
the converging section was assumed to be 200 °C and the 
temperature of the heater covering the die was assumed to be 
190 °C. The heat conductivity of the die material was so 
high that the temperature of the die wall was almost the same 
as the heater temperature. Consequently, the shape of the 
first isothermal line matches the shape of the converging 
section. The temperature at the center line was the highest 
and it decreased as the position moved either to the exit or 
to the wall of the die. At the center line, the temperature 
did not change with the y-position because the boundary 
condition dT/dy=0 at the centerline had to be satisfied.
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Chapter 6 Experiments and Results
6.1 Equipment
6.1.1 Extruders
The coextrusion system was used to obtain the 
elongational flow in the core and to measure the elongational 
viscosity: Fig. 6.1 shows the schematic diagram of the
experimental equipment. The core extruder was a twin screw 
co-rotating intermeshing laboratory extruder ZE 25 
manufactured by Berstorff Corporation. This extruder had two 
25 mm diameter screws and a 21.5 mm center-to-center 
distance. The sections of the screw consisted of different 
shapes of elements which had conveying, kneading or mixing 
functions. The elements were interchangeable and provided 
flexibility when using the extruder for different purposes 
and polymers. The power of the motor supplied with the 
extruder was 10.5 KW, and the maximum speed was 50 rpm. 
There were six 2.1 KW heaters down the length of the barrel, 
and these were controlled by Eurotherm Corporation digital 
controllers (model 808 or 847) which communicated with a 
computer. The five main heaters also had cooling fans which 
were rated at 73 watts and 220 volts.
The skin extruder was a single screw extruder 
manufactured by Brabender Instrument Incorporated. This 
extruder had a 19 mm diameter screw having a
107
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Fig. 6.1 Schematic diagram of the coextrusion system.
108
109
length—to-diameter ratio of 20:1 and a compression ratio of 
4:1. It included a 1.12 kW 220 volt model PL-V 150 motor 
with a maximum speed of 2400 rpm, and a gear reduction box 
with a reduction ratio of 20.4:1. The speed controller for 
the motor was a Fincor model 2400 MK II DC motor controller 
manufactured by Fincor Incom International Incorporated. 
Brabender Instruments Company supplied the two heaters on the 
single screw extruder, and these heaters had a rating of 800 
watts and operated on 240 volts.
6.1.2 Gear Pumps
A high pressure Zenith gear pump distributed by Parker 
Hannifin Corporation served as a core gear pump. The 
capacity of this pump was 1.752 cc/rev, and it was designed 
to endure a high outlet pressure of up to 70,000 kPa. 
Driving the core gear pump was a 100 volt, 0.37 kW DC motor 
manufactured by Pacific Scientific with the maximum rpm of 
1800. The 10:1 reduction box reduced the motor's speed and 
the controller for the motor was a Zenith Nichols controller 
with an rpm range from 3.6 to 72. A 1 kW box-type heater, 
specially designed by Parker Hannifin Corporation, heated the 
core gear pump.
The gear pump for the skin polymer was a Zenith gear 
pump with a capacity of 0.297 cc/rev. The capacity of the 
skin gear pump was much lower than that of the core gear pump 
because the flow rate of the skin polymer was about one-tenth
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that of the core polymer. A 100 volt, 0.19 kW DC motor with 
a maximum rotation of 1,725 rpm manufactured by General 
Electric Corporation drove the skin gear pump, and the gear 
reducer box had a reduction ratio of 5:1. Emerson Electric 
Corporation supplied the controller for the motor. A metal 
box which was heated by two 500 watt cartridge heaters
surrounded the gear pump.
6.1.3 Die
Lakshminarayan (1984) designed the die used in this 
experiment. It made of 416 stainless steel and had a length 
of 178 mm, a width of 66 mm, and a thickness of 72.4 mm. 
Fig. 6.2 illustrates this die. Its flow channel had a length 
of 132 mm, width of 25.4 mm and height of 17.8 mm. The die 
could be divided into two symmetrical parts, and could be 
opened and cleaned if necessary. As shown in the figure, 
eight bolts through the holes held the two parts of the die 
together. The shape of the converging section could be 
changed by replacing the inserts, which were held in the die 
by two hexagonal socket-head bolts. As shown in Fig. 6.2, 
two kinds of inserts were installed and used in this study,
and they were made of 316 stainless steel.
The complete flow channel of the die could be seen
through two glass windows, one on each side of the die. The 
glass windows were made from a high pressure Macbeth gage 
glass manufactured by Corning Glass Works and held in the die
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by twelve bolts. Corning Glass designed this glass for use 
in armored-type liquid level gages and manufactured if of 
borosilicate glass to provide a high-strength tempered glass 
with the greatest degree of visibility. The glass piece had 
a length of 139.7 mm, a width of 33 mm, and a thickness of 
17.3 mm; its maximum recommended working pressure was 35,000 
kPa.
The die was heated by two 1,600 watt plate heaters 
ordered from Industrial Heater Company. A model TPT 432 
A-10M-6/18 transducer distributed by Dynisco detected the 
pressure and temperature of the polymer inside the die. The 
range of the pressure transducer was 70,000 kPa, and the 
maximum diaphragm temperature was 400°C. This transducer 
came in direct contact with the polymer melt.
6.1.4 Take-up Device
A take-up device supported the discharged polymer 
ribbon, and the work shop of the Chemical Engineering 
Department fabricated a belt puller using a belt distributed 
by Vulcan Machinery Group. The belt material was a 
non-marking natural rubber compound, and the width of the 
belt was 3 inches. Driving this belt were a 0.19 kW 100 volt 
motor with a maximum speed of 1725 and a gear reduction box 
with a reduction ratio of 50:1. The speed controller for the 
motor was a Statrol II controller manufactured by General 
Electric Corporation. The two belts sustained and pulled out
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the polymer ribbons, and the space between the two belts 
could be adjusted by rotating a handle located at the bottom 
of the device.
6.2 Experimental Procedure 
6.2.1 Polymer Materials
The core polymer used in this study was commercial 
polypropylene (Marlex HGY 040) provided by Phillips 66, and 
the skin polymer was commercial polyethylene (Dowlex) 
provided by Dow Chemical. The melting point of the 
polypropylene measured by DSC was 168°C while that of the 
polyethylene was 130°C. The melt viscosities of the 
polypropylene and the polyethylene at the extrusion 
temperature (200°C) were 64,340 poise and 622 poise, 
respectively. The power-law index of the polyethylene was 
0.993 and that of the polypropylene was 0.916.
6.2.2 Preparation of the Die
The first step of the experimental procedure was to 
prepare the die. The die could be divided into two parts, 
and it often needed to be disassembled or assembled in order 
to change the inserts which define the converging shape or to 
clean contaminants which prevented optical observation 
through the glass window. Each part of the die consisted of 
a main block, a glass window, and a block supporting the 
glass window.
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Before the die was disassembled, it was heated to above 
the melting temperature of the polymer by the die heater. It 
was very important to maintain the polymer in a molten state 
throughout the disassembling and initial cleaning processes. 
Once the polymer solidified, the die had to be heated again; 
otherwise, it was almost impossible to disassemble. While 
the die heater was turned on, twenty-four bolts which 
attached the glass window support blocks to the main block 
were removed first; then eight bolts which join the main 
block were removed. Next, four bolts for the inserts were 
removed, and then the upper and lower bolts were removed. 
Finally, the die heater was turned off and the transducer was 
removed.
The die was divided into two parts, and the glass 
windows were separated from the die. The polymer melt was 
cleaned off as soon as possible while it was still in the 
molten state. Because it was hard to clean all the polymer 
melt before it solidified, it had to be heated above the 
melting temperature while being continuously cleaned. Some 
liquid chemicals were tried to dissolve the polymer, but none 
were satisfactory. However, the commercial oven cleaner 
"PRIDE," made by Johnson Wax, dissolved the carbonized 
polymer.
The assembling method was the reverse procedure of the 
dismantling process, and special attention had to be paid 
when joining the bolts to prevent polymer leakage. There
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were several bolts for the glass window supporting blocks and 
for the main die block. If the force to join each bolt was 
not balanced, polymer could have leaked during extrusion, 
especially at high pressure in the die. Therefore, a torque 
wrench was used to tighten the bolts uniformly, and the force 
was set 110 N.m for the glass window supporting block and at 
160 N.m for the main die block. The bolts were tightened in 
a symmetrical order for force balance. After the die was 
assembled, it was heated up to the normal processing 
temperature and all the bolts were tightened again to account 
for unequal thermal expansion.
6.2.3 Coextrusion Process
When the coextrusion system is ready to start, the 
motors for the extruder and for the gear pump should not be 
turned on until all the polymer inside the flow line is 
completely melted. in this experiment, the polymer inside 
the die took more time to melt than that inside the extruder 
or that in the intermediate pipe between the gear pump and 
the die; the reason is that it took some time to heat the die 
block itself. Hence, only the die heater was turned on 
initially, and after approximately 2 hours all the polymer 
inside the die completely melted. The molten state could be 
visually confirmed through the glass window because the 
polymer became transparent when molten.
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When the polymer inside the die melted, the skin and the 
core extruder heaters, gear pump heaters, and the heater for 
the intermediate pipe were turned on. If the polymer in the 
intermediate pipe melted faster than that in the die, the 
pressure of the die rose very high (up to 10,000 kPa) due to 
volume expansion. On the other hand, if the polymer in the 
die was previously molten, some of the polymer melt 
discharged through the die exit.
The die temperature was set at 190°C, and the 
temperature of the intermediate pipe was set at 200°C. Also, 
the extruder temperature and the gear pump temperature of the 
core polymer were set at 190°C, and those of the skin polymer 
were set at 170°C. Approximately 4 hours were needed for the 
system to reach thermal equilibrium.
Once thermal equilibrium was reached, the skin gear pump 
was started first and then the skin extruder was started. 
The gear pump rpm was fixed at the desired throughput rate, 
and the rpm of the skin extruder was adjusted such that the 
extruder tip pressure stayed between 3,500-7000 kPa. At 
least 30 minutes were needed to allow the skin polymer to 
fill the pipe. After the intermediate pipe was filled with 
the skin polymer, the core gear pump was started; then both 
the core extruder and the chip feeder were started. The 
pressure of the core extruder tip should be maintained at 
least at 3,500 kPa in order to push the polymer melt to the 
gear pump and to accurately meter through it. Manipulating
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the extruder rpm and the chip feeding rate kept the pressure 
between 5,000 and 6,000 kPa.
When the polymer was flowing out of the die, the take-up 
device was started. To sustain the extrudate properly, the 
speed of the take-up device was then adjusted. The take-up 
device did not pull or draw the extrudate but helped it to 
keep a uniform shape.
6.2.4 Observation Technique
One of the characteristic features of the die used in 
this study was the glass windows which enabled on-line 
observation of the polymer melt in the die. Wang (1989) 
performed the streamline flow measurement and on-line 
birefringence measurement using this die during the extrusion 
process. The glass window allowed the investigators to see 
the converging section and the reservoir section and to 
investigate polymer melt behavior inside the die. Two 
experiments were performed in this study with the glass 
windows: (1) the determination of the interface position
between the skin and the core polymers, and (2) the velocity 
measurement of the polymer melt in the converging section.
The interface position could be seen through the glass 
windows during the coextrusion process when the core polymer 
was colored by a blue dye. A concentration of 0.02 weight 
percent of Disperse Blue 56 dye was mixed with the core 
polymer chips and fed into the core extruder. The total flow
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rate was fixed as 5 g/min, and the core/skin flow rate ratio 
was set as 9:1. After one hour, the colored core polymer 
could be seen through the glass window and the interface 
position could be clearly distinguished. The picture of the 
interface was taken using the "JAVA" image analyzing software 
developed by Jandel Scientific. First, the image was 
transferred to the monitor using a lens made by Canon 
Incorporation; then it was captured by JAVA software. The 
captured image was transformed to a computer file and the 
picture was obtained by printing out the file. The same 
procedure was repeated for core/skin flow rate ratios of 8:2 
and 7:3.
The velocity of the core polymer melt in the converging 
section could also be measured through the glass windows. 
Aluminum plates with a size of 1 mm x 1 mm served as tracers. 
They were mixed with the core polymer chip and fed into the 
core extruder. Since the aluminum tracers were very soft, 
they passed through the gear pump without damaging it. When 
they reached the die they could be seen through the glass 
windows, and the image was recorded on video tape for further 
analysis.
The velocity was measured at three different x-positions 
of the converging section with the JAVA software. The three 
locations for the linear converging die were at 0.6 mm, 20.8 
mm, and 40.9 mm, respectively; those locations for the 
hyperbolic converging die were at 10.7 mm, 20.8 mm, and 40.9
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nun, respectively from the beginning of the converging 
section. The image was frozen just before the velocity 
measuring position so that the locations of the tracers could 
be accurately recorded. The image was then frozen just after 
the position, and the locations of the same tracers were 
recorded again. The internal watch equipped in the VCR 
system measured the elapsed time between the two locations. 
The velocity could then be calculated using the distance and 
the elapsed time data.
6.3 Basic Experiment
There were two gear pumps in the coextrusion system: the
skin gear pump and the core gear pump. A gear pump was
needed to measure the volumetric flow rate and to feed the 
polymer melt accurately. In order to control the flow rate, 
the calibration curve, which showed the relationship between 
the gear pump rpm and the mass flow rate, had to be obtained. 
Fig. 6.3 shows the relationship between the core gear pump 
rpm and the flow rate of the core polymer. Fig. 6.4 shows 
the relationship between the skin gear pump rpm and the flow 
rate of the skin polymer. In both cases, the flow rates 
increased linearly. The flow rate range of the core polymer 
was from zero to 24 g/min and that of the skin polymer was 
from zero to 2.1 g/min. The capacity and the rpm of each
gear pump were designed to satisfy the core/skin flow rate
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flow rate of the core polymer.
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ratio of 9:1; hence, the above flow rate ranges matched well 
with this condition.
As mentioned in the experimental equipment section, the 
core extruder was a twin screw extruder, and it needed a 
polymer feeding device which controlled the polymer chip 
feeding rate. The pressure of the extruder tip should be 
maintained constant to supply a stable feeding condition to 
the gear pump. If the polymer feeding rate was not the same 
as the throughput rate of the gear pump, it was difficult to 
maintain a constant extruder tip pressure. That is, if the 
polymer feeding rate was higher than the gear pump throughput 
rate, the pressure of the extruder tip increased and vice 
versa. Fig. 6.5 shows a relationship between the feeder 
scale and the polymer chip feeding rate, and the results fit 
a hyperbolic curve. This plot was used to set the chip 
feeding rate and made it possible to maintain a constant 
extruder tip pressure.
6.4 Experimental Results
The two polymer melt streams of polypropylene and 
polyethylene were joined together after they were fed 
separately through separate gear pumps. The first step of 
the experiment was to confirm that the core polymer was 
properly encapsulated by the skin polymer because of the 
possibility that the two polymers might mix during the 
process. If the compatibility of the two polymers was very
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good, one may have penetrated the other. If a circulation 
flow had occurred, the two polymers would have been mixed. 
In either case, the interface between the skin and core 
polymers would have been altered.
The polymer melts in the die could be seen through the 
glass windows, but the interface between the two polymers was 
not discernible in normal processing because both the polymer 
melts were transparent with nearly the same indices of 
refraction. When a blue pigment was mixed with the core 
polymer, the interface was clearly visible. The pigment 
could be mixed in either the core or in the skin polymer, but 
when the die was present in the core polymer, the interface 
was more clearly visible than when it was in the skin 
polymer.
The skin polymer formed the upper and lower layers, and 
the core polymer was successfully encapsulated by the skin 
polymer. Fig. 6.6 presents the experimental results showing 
the interface for the different core/skin flow rate ratios in 
the linear converging die. These images were made using the 
JAVA image analyzing software. It was noticed that the 
streamline did not deform and that two polymers did not mix 
during the process. The pictures in Fig. 6.7 show the 
interface in the modified hyperbolic converging die. The 
skin polymer was located outside the core polymer, and the 
interfacial line was analogous to the shape of the converging
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6.6 Experimental results showing the interface in the 
linear converging die.
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Fig. 6.7 Experimental results showing the interface in the 
modified hyperbolic converging die.
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section. Also, the thickness of the skin layer increased as 
the flow rate of the core polymer decreased.
When the core polymer was fed first and the skin polymer 
was fed next, the skin polymer could not successfully 
encapsulate the core polymer. But when the skin polymer was 
extruded first and the core polymer next, the skin polymer 
did encapsulate the core polymer. In the former case, the 
skin polymer was not located at the wall but passed through 
the core polymer which already had filled the channel. As a 
result, the distribution of the coextrusion layer became 
core/skin/core, which was different from the desired 
skin/core/skin distribution.
The velocity profiles in the converging section for 
different shapes of the die were calculated by the numerical 
method shown in Chapter 5. Since the skin polymer 
sufficiently lubricated the core polymer, the core polymer 
melt was essentially in elongational flow range when the 
core/skin viscosity ratio was greater than 100:1. The 
viscosity ratio of polypropylene/polyethylene used in this 
study was about 100; hence, the core polymer should be in 
elongational flow as demonstrated by the numerical 
calculation.
To verify the theoretical predictions, the velocity of 
the core polymer was measured experimentally. The polymer 
melt could be seen through the glass window as it passed 
through the converging section. If the tracer particles were
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mixed with the polymer, the velocity of the polymer melt 
could be obtained by directly measuring the velocity of the 
tracers. Flat aluminum flakes served as the tracers in this 
experiment, as shown in Fig. 6.8. The tracer particles were 
mixed with the core polymer melt and extruded through the 
linear, hyperbolic, and modified hyperbolic converging dies. 
These particles could be seen clearly in all cases, and the 
image was recorded by the video system and analyzed by the 
JAVA software to obtain the velocity.
The velocity was experimentally measured in the 
converging section and compared with the calculated result. 
Fig. 6.9 shows the velocity profiles of the linear converging 
die at the three different x-positions where the velocity was 
measured. This velocity profiles were obtained by using 
numerical results. Fig. 6.10 shows the comparison of the 
velocities between the experimental results and the numerical 
results for the linear converging die. In this figure, the 
velocity profile, which has drawn as a continuous line, was 
obtained using the numerical results. The experimental 
results agreed very well with the theoretical prediction, and 
the velocity in the core did not change with the y-position. 
The skin polymer contained most of the shearing gradient; 
hence, the core polymer melt was essentially in a pure 
elongational flow region.
As with the linear converging die, the velocity of the 
core polymer melt in the modified hyperbolic converging die
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w as m e a s u re d  i n  t h r e e  d i f f e r e n t  p o s i t i o n s .  F i g .  6 . 1 1  show s  
t h e s e  t h r e e  d i f f e r e n t  p o s i t i o n s . T h e  f i r s t  m e a s u r in g  p o i n t  
w as n e x t  t o  t h e  e n t r a n c e  s e c t i o n .  A ls o  s i m i l a r  t o  t h e  l i n e a r  
c o n v e r g in g  d i e ,  t h e  n u m e r ic a l  r e s u l t s  a n d  t h e  e x p e r i m e n t a l  
r e s u l t s  w e r e  c o m p a re d , a n d  F i g .  6 .1 2  i s  t h e  p l o t  o f  t h i s
c o m p a r is o n .  T h e  tw o  s e t s  o f  r e s u l t s  m a tc h e d  w e l l ,  a n d  t h e
v e l o c i t y  o f  t h e  c o r e  p o ly m e r  d i d  n o t  c h a n g e  s i g n i f i c a n t l y  
w i t h  t h e  y - p o s i t i o n .
A r h e o m e t e r  w h ic h  m e a s u re s  s h e a r  v i s c o s i t y  g e n e r a t e s  
c o n s t a n t  s h e a r  r a t e ,  a n d  t h e  s h e a r  r a t e  c a n  b e  c h a n g e d  t o  
m e a s u re  t h e  v i s c o s i t y  a t  d i f f e r e n t  s h e a r  r a t e s .  T h e
r h e o l o g i c a l  b e h a v i o r  a t  d i f f e r e n t  s h e a r  r a t e s  i s  a
c h a r a c t e r i s t i c  o f  t h e  p o ly m e r .  D e p e n d in g  o n  t h e  m o l e c u l a r  
s t r u c t u r e ,  some p o ly m e r s  show  s h e a r  t h i n n i n g  b e h a v i o r  a n d  t h e  
o t h e r s  show  s h e a r  t h i c k e n i n g  b e h a v i o r .  T h e  e l o n g a t i o n a l  
r h e o m e t e r  i s  d e s ig n e d  t o  m e a s u re  t h e  r h e o l o g i c a l  b e h a v i o r  i n  
t h e  e l o n g a t i o n a l  f l o w .  S i m i l a r  t o  t h e  s h e a r  r h e o m e t e r ,  i t  
s h o u ld  p r o v i d e  a  c o n s t a n t  e l o n g a t i o n a l  s t r a i n  r a t e ,  a n d  t h e  
e l o n g a t i o n a l  s t r a i n  r a t e  s h o u ld  b e  c o n t r o l l e d .
T h e  m o d i f i e d  h y p e r b o l i c  d i e  u s e d  i n  t h i s  s t u d y  w as  
d e s ig n e d  s u c h  t h a t  t h e  e l o n g a t i o n a l  s t r a i n  r a t e  w as c o n s t a n t  
i n  t h e  c o n v e r g in g  s e c t i o n  a n d  c o u ld  b e  c h a n g e d  w i t h  t h e  f l o w  
r a t e  a l o n e .  T h a t  i s ,  t h e  e q u a t io n  f o r  t h e  h y p e r b o l i c  
c o n v e r g in g  s e c t i o n  w as  c h o s e n  a s
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ength (mm)
Fig. 6.11 Calculated velocity profiles at different
x-positions in the hyperbolic converging die.
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Fig. 6.12 Comparison of the experimental result with the 
calculated result at the different x-positions 
in the modified hyperbolic converging die.
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and the elongational strain becomes
where d is a constant related to the converging shape and Q 
is the flow rate per unit width of the channel. Eq. (6.2) 
shows that the elongational strain rate was constant 
regardless of the position and depended only on the flow rate 
since the constant d was a fixed design parameter of the 
converging shape.
The elongational strain rate was measured experimentally 
using the modified hyperbolic converging die. First, the 
velocities of the polymer melt were measured at five 
different positions in the converging section, and then the 
elongational strain rate was calculated using the velocities:
6 = A v /A x .  ( 6 . 3 )
In order to obtain the elongational strain rate, the 
velocities were measured at the different x-positions. Fig. 
6.13 and Fig. 6.14 show the velocity with the x-position in 
the hyperbolic and the modified hyperbolic converging die. 
The core/skin flow rate ratio was 9:1, and the total flow 
rate was changed while maintaining the same flow rate ratio. 
As the polymer melt moved toward the exit of the die, the 
velocity increased linearly and was faster as the flow rate 
increased. The slope of each curve corresponded to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig. 6.13 Velocity change with the x-position in the 
hyperbolic converging die.
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Fig. 6.14 Velocity change with the x-position in the 
modified hyperbolic converging die.
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elongational strain rate. The higher the flow rate, the
greater the elongational strain rate. Change in the
elongational strain rate with the flow rate is shown in Fig. 
6.15 and Fig. 6.16, respectively. These figures were 
obtained by plotting the slopes of the different flow rates 
in Fig. 6.13 and Fig. 6.14. As shown, the elongational 
strain rate increased linearly with the flow rate.
6.5 Elongational Viscosity
As mentioned in Chapter 2, the elongational viscosity is 
defined as the first normal stress difference divided by the 
elongational strain rate:
Fig. 6.17 shows a picture of the hyperbolic converging 
section where the elongational viscosity was measured. 
Collier (1993) developed the equation to calculate the 
elongational viscosity using a flow rate and geometrical data 
of the hyperbolic converging shape. This development is 
presented in the following:
The general equation for the constant strain rate 
converging shape can be written
xy=constant. (6.5)
The stream function in this shape is
ty=C1xy. (6.6)
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Fig. 6.15 Experimental measurement of the elongational 
strain rate in the hyperbolic die.
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Fig. 6.16 Experimental measurement of the elongational 
strain rate in the modified hyperbolic die.
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Fig. 6.17 The shape of the hyperbolic converging section 
where the elongational viscosity was measured.
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The velocity in x- and y-direction can be obtained from the 
stream function:
Consequently,
v = - = - C1x=ex
dy
&vx ~ •— 2 = - Cj=e
dx
For the pure elongational flow, the momentum equations 
simplified as
v * dx dx dx
pV ±i.-i!Dr. (
9 y d y d y  K
Substitution of the velocity components into Eq.(6.11)
ok2x=~—  -Ohzi (
P dx ' (
With the aid of the boundary condition
At x=0 ; P=Pit ^ = 0  (
Eq. (6.13) becomes
From the generalized Newtonian constitutive equation,
(6.7)
(6.8)
(6.9)
6.10) 
can be
6 .11)
6 .12)
gives
6.13)
6.14)
6.15)
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x = -t^ A , ( 6 . 1 6 )
and the first invariant is zero when the fluid is 
incompressible:
Consequently,
or
A«+A„=0. (6.17)
W °  (6.18)
W “Tw  (6.19)
Using Eqs. (6.15) and (6.19), the elongational viscosity can 
be obtained:
t)£= (Pj-p) -pkx2. (6.20)
C €
In order to calculate the elongational viscosity from the 
geometry of the die and from the operation variable, we use 
the relationship:
v=-2- (6.21)x 2 yW
6=-^=— (6.22) 
x 2 xyW
where W is the width of the converging channel.
Hence, Eq. (6.20) reduces to
(6-23)
If the entire converging section is considered,
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P Qx0 
2yaw (6.24)
where xG is the length of the converging section and y0 is the 
height at the exit of the die.
The elongational viscosity could be calculated using Eq.
(6.24) if the pressure drop in the converging section was 
measured. Fig. 6.18 shows the pressure which was measured at 
the beginning of the converging section in the constant 
elongational strain rate hyperbolic die. The pressure 
increased with the flow rate as expected, but non-linearly. 
The elongational viscosity was calculated, and the result is 
shown in Table 6.1. The elongational viscosity decreased 
with the elongational strain rate, and Fig 6.19 shows this 
elongational viscosity change. The polypropylene used in 
this experiment showed strain thinning behavior.
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6.18 Relationship between the flow rate and the die 
pressure (core:skin=9:1, die temp.=200°C).
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Table. 6.1 Summary of the experimental and calculated results 
(core:skin=9:1, die temp.=200°C).
Q
(g/min) (1/s)
AP
(kPa)
V e 
(MPa.s)
5 0.048 1793 111.0
10 0.096 2620 81.1
15 0.144 3241 66.9
20 0.192 3999 61.9
22 0.211 4137 58.2
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Fig. 6.19 Elongational viscosity with the elongational 
strain rate.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 7 Conclusions and Recommendations
7.1 Conclusions
The present work demonstrated the use of coextrusion for 
controlled elongational flow of polymer melts. In a 
skin/core coextrusion process, a plug flow could be obtained 
in parallel channel flow. Analytical calculations for 
Newtonian and power-law models showed that core/skin 
viscosity or consistency ratios of 100 proved reasonable for 
locating all the shearing gradient in the skin polymer. At 
that ratio, the skin polymer sufficiently lubricated the core 
polymer and the core polymer was essentially in a plug flow.
A pure elongational flow was be obtained in a converging 
channel flow by a suitable choice of the skin and core 
materials. Also, the coextrusion method was extended to 
include elongational flow behavior, particularly when using 
lubricated flow inside converging dies. This use of 
lubrication involved using a sufficiently lower viscosity 
skin layer than the core to concentrate shearing gradients in 
skin layers. To calculate the velocity profiles in the 
converging section, this study applied an analytical method 
for Newtonian fluid and a numerical method for power-law 
fluid. The results of this calculation showed that because 
the skin polymer acted as a lubricant, essentially pure 
elongational flow could be generated in the coextrusion 
system when the viscosity of the skin polymer was more than
148
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one hundred times lower than that of the core polymer. In 
this situation, most of the shearing gradient was located in 
the skin polymer, and the core polymer was in an essentially 
pure elongational flow.
The development of the elongational rheometer is 
successful only when the rheometer system can generate a 
constant elongational strain rate. A constant elongational 
strain rate was provided by appropriately shaping the 
converging section. When the converging shape followed a 
hyperbolic equation of type y=d/(x+b), the elongational 
strain rate was constant and was only a linear function of 
the core flow rate. Therefore, if a lubrication technique 
was applied in a hyperbolic converging die, the core polymer 
could be subjected to a constant elongational flow and a 
polymer melt elongational rheometer may has been developed.
This study demonstrated the above process experimentally 
with polypropylene as a core material and with low density 
polyethylene as a skin material. The velocity profile was 
obtained experimentally by using metal tracer particles in 
the modified hyperbolic die. The experimental results 
matched well with the theoretically calculated results, and 
the image analyzing system obtained velocity profiles of the 
core polymer that proved the core polymer was in pure 
elongational flow.
The elongational viscosity of the core polymer was also 
calculated by using the pressure and the flow rate data. The
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elongational viscosity decreased with the elongational strain 
rate, and the polypropylene used in this experiment showed 
strain thinning behavior.
7.2 Recommendations for Future Work
1. One of the problems of rheometer development using 
the coextrusion method is the selection of the skin material 
for different core materials. The skin polymer may be 
replaced by another lubricant which is stable at the 
extrusion temperature. If a less viscous liquid that is 
stable at high temperatures is used as the skin material, the 
amount of the skin can be reduced because it can lubricate 
the core material more effectively. However, there may be a 
limit in the core/skin viscosity ratio because of phase 
stability. The technique to select the skin material with 
the different core material should be studied further.
2. The core/skin flow rate ratio may affect the velocity 
profiles of the skin and core polymers. This possibility was 
not discussed in detail in this study because the core/skin 
viscosity ratio is the more dominant factor for the velocity 
profiles. The core polymer is the material of interest and 
the skin polymer acts only as a lubricant. Hence, it is 
desirable to use as little skin polymer as possible while 
sufficiently lubricating the core. The minimum flow rate of 
the skin polymer will depend on various factors such as the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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core/skin viscosity ratio and the total flow rate ratio. 
Further study in this area is needed.
3. Velocity of the core polymer melt was measured using 
tracer particles, as reported in Chapter 7. It was not 
possible to measure the velocity of the skin polymer because 
the size of the tracer was too large compared to the 
thickness of the skin layer. In order to measure the 
velocity of the skin polymer, another method should be 
considered.
4. In this study, elongational flow was obtained in the 
channel geometry. The maximum elongational strain rate 
available is less than 1 s'1 because the elongation is one 
dimensional in this geometry. For higher elongational strain 
rates, conical converging die geometry is necessary because 
it provides rapid convergence and, as a result, gives higher 
elongational strain rate.
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